Document obtained from the "Russ Kick Collection" - Located at TheBlackVault.com/russkick 








aD. 356945. 


DEFENSE DOCUMENTATION CENTER 


FOR 
SCIENTIFIC AND TECHNICAL INFORMATION 
CAMERCN STATION, ALEXANDRIA, VIRGINIA 











59457. 


P 


ł 
| 






Russ Kick Col 


Document obtained from the " 





wa 

Prepares for; The Chis íi - | 
Defense Atumie Support Agency | 

| Department of Defense 


Washington 25, D, C. 


E. H PLESSET ASSOCIATES, INC, 
2444 WILSHIRE BOULEVARD 
SANTA MONICA, CALIFCRNIA 


Medius THIS DOCUMENT CONTA'NS INFDORMATOIN 
nil G THE NATIONAL DEFCMSE OF THE UNITED 

di ES WITHIN THE MEANING Of THE EBSPIDNAJE 

ee Me 18, UBC, LECTIONS rp) AND 794 TTS 

2UISSION DR THE PEVTLATIDA OF ITE CONTERTE 


iN ANT MAMMEA TO AN VU 
PEGHIBITES BT LAW. “AUTHORED PERON 19, 





007 DAS /368- 


lection" - Located at TheBlackVault.com/russkick 











S — s sd HERE d epe Se d 
" 0) 
SUE | ^ TEMPO 50^ 
N È $ [ PE — 2 Tis deeri — al E um » , r 
| ! o PD M 
Nx a, FEE i 
* ASA-I368:9 ^ — 
SED EE us bo kw v P p 
l A ` E ; i 
| Er Um J a i 
Pi fe he y | 
: [| EMISSIONS FROM REACTIONS à | 
3 | | f. " 
; if = if put 
^ NUCLEAR WEAPONS ~ 
HE | 
yc | 
in | 
(Uy Reporte, 55829 scp T Ote pe | 
i | c JULY: E 
E Harris L. Mayer 
| Had Frances Richey. 
Pegs i | 29 sunewheé i » wem spento E PIE. 
POR / n "UM j| 
ML f$adew p 





r 
É 


EXCLUTED FROM AUTORA | 
: TIU. 
REGRADING; BOD DIR 5200, 19 
~ DUES UOT APLY -- i 





| 


13"? lI 


EXGLUBED FACH AUTO! 
REGRAGING: DOD BIR 57 
DOLS ROT APPLY 


"ago St -dHi 


"won 
DIMI1S5EN 'H fataag 





Document obtained from the "Russ Kick Collection 


NOTICE: When government or otber drawings, Bpeci- 
ficaticns or cther data are used for ary purpose 
other than i: connection with a definitely related 
government procurement operation, tke U. 5. 
Government thereby incurs no responsibility, nor any 
obligation whatsoever; and the fact that the Goverm- 
ment may have formilated, furnished, or in any way 
supplied the said drawings, specifications, or other 
data i8 nct to be regarded by implication or other- 
wise ae in any manner licensing the holder or any 
other person or corporation, or conveying any rights 
or permission to manufacture, use or sell any 
patented izventicn that may in any way be related 
thertio. 


NOTICE: 

TEIS DOCUMENT CONTAINS INFORMATION 
AFFECTING TEE NATIONAL DEFENSE OP 
ORE UNITED STATES WITHIN THE MEAN- 
'Nic OP "HE ESPIONAGE LAWS, TITLE 18, 
U,S.C., SECTIONS 793 and 794+. THE 
TRANSMISSION CR THE REVELATION OF 
ITS CONTENTS IN ANY MANNER TO AN 
UNAUTHORIZED PERSON IS PROHIBITED 


BY LAM. 


" - Located at ThàllscbS uit écimbusskicd 


! 


Document obtained from the "Russ Kick Collection" - Located at TheBlackVault.com/russkick 


SECRE RESTE DATS 


' 1 mr — wh din 
LO JM T X CEN Tt FR 
Operated by TEMPO - Cenerel Electric Compuny 
rad Alal Steoet + Saute Byrharg + Cadiforoia 805102 
Teiephone (ANS) 55-255] 
27 January 1965 


Delense Documentation Center 
Cameron Station 


Alexandria, Virginia 223/14 


[ 


Attention: IRA 


Gentlemen: 


In accordance with a request from Headquarters /DASA, we are forwarding 
herewith one (1) reproducible copy of each of the following reports: 


DASA#1368 
DASA-1368-1 through 
DASA-1368-10 


It should be noted that the dissemination statement that foilows is pertinent 
to all these reports: 


“All distribution of these reports is controlled. Qualified 


DDC users shall request through Director, Dezense Atomic 
Support Agency", 


Very truly youre, - 


Warren W, Chan 
Manager-DASA Data Center 
WWC imb 
Enclosures 


oc OL eae WHEN SEPARATED FROM ENCLOSURES, MARK AND 


HANDLE THIS DOCH! "i JU PP 


T {y 
UNSER A T T -JF y ALII 
E gd dat t5 05a NI 











9 


E. H. PLESSET 


Section 
D di 


Document obtained from the "Russ Kick Collection" 


ASSOCIATES, INC. 


TABLE OF CONTENTS 


INTRODUCTION AND CO? CLUSIONS 


GAMMA RAYS AND X-RAYS FROM REACTIONS 
IN NUCLEAR WEAPONS 


1.1.8 
1. 1.9 


The v- Rays Associated with the Fission 
Process 


Compound Nucleus Formation 


Alternative Modes of Decay of the Compound 


Nucleus 


Daughter Nuclei Formed Before y-Ray 
Emission 


Electrostatic Repulsive Energy of Daughters 


not Available for y-Ray Emission 


Coherent Oscillation for y-Ray Emission 
Before Separation of Daughters 


Radiation Due to Acceleration of Fiscion 
Daughters 


Prompt y-Ray Emitted After Neutron 
Boil-Off 


Angular Distribution of Gamma Rays 


Doppler Effect 


1. 1, 10 Quiescent Interval Until B Decay 


1.1, 11 Prompt X-Ray Emission Following Fission 


a. Effect of Nuclear Deformation : 

b. Ejection cf Outer Electrons as 
Daughters Separate: Sudden 
Approximation 

c. Behavior of Inner Electrons: 


Adiabatic Approximation 


1.4.32 Delayed Gamma Rays Following Beta Decay 
FIGURE 2 | 
1.1. 13 X-Rays Following Beta Decay 


1.2 


1.2.4 


Gamma Rays and X-Rays from Neutron 
Capture | 


Compound Nucleus Formation and Gamma 


Ray Emission 


i Y-Ray Emission - Preferred at 
Thermal Energies  ' 


- Located at TheBlackVault.com/russkick 


=== 


Document obtained from the "Russ Kick Collection" - Located at TheBlackVault.com/russkick 


- —— —— 





—— 


* 


E. H. PLESSET ASSOCIATES, ING. 


TABLE OF CONTENTS (Continued) 


6 


Section 


Page | 
b. Neutren Emission - Preferred at 
Higher Energies 18 
1.2, 2. Direct Radiative Capture 20 åy 7 
1.2. 3. X- Rays Due to Neutron Capture 25s 
1.3 Gamma and X-Rays Following the Reaction 
Scattering of Neutrons 21 
1.4 y-Rays from Reactions in Thermonuclear . ' | 
Fue] a2 - o 
1.5 Effects of Prompt Gamma Rays 23 
L Diagnostic of Weapon Design and 
Performarce 23 
e. Atmospheric Flucrescence 24 
3. Direct Damage Effects 24 
4. Interference Effects 24 
i NEUTRONS FROM REACTIONS IN NUCLEAR 
WEAPONS 
2.1 Neutrons from the Fission Reaction 26 
& 2.1.3 Compound Nucleus Formation dt 
#,1.2 Fission before Neutron Emission 26 
£. 1.3 Fragment Daughters Gain Kinetic Energy 
before Neutron Emission 26 
2.1.4 Neutron Emission from Moving Daughters ži. | 
' Ż.i.5. The Neutron Spectrum in the Laboratory | 
Systern 27 
2.1.6 The Angular Distribution of the Neutrons 2B 
4.1.7 Delayed Neutrons 28 
Z.4z Neutrons from (n, en) Reactions . 29 
£3 Neutrons from Thermonuclear Reactions 30 
£. 3, 1 , Principal Reactions 30: 
2.3.2 Energy Spread of Neutrons 30 
2.3.3 Source of Faster Neutronas | 31, | 
2,4 Scattering of Neutrons | 31 
2.4.1 Elastic Scattering . 34 
2.4, È Inelastic Scattering 32 
| 2,5 Effects of Prompt Neutrons 33 
£.5,1 Direct Damage Effects «33 


er dS OS EI ——À ———— 


ai —— — — — a — 
y — r EEE ťa 


Document obtained from the "Russ Kick Collection" - Located at TheBlackVault.com/russkick 


E. HL PLESSET ASEOSEATES, INC. 


TABLE OF CONTENTS (Continued) 


O 


Section | Page 
é.5.2 Interference Effects 33 
2.5.3 Phenomena | 33 
3 ELECTRONS FROM REACTIONS IN NUCLEAR 
WEAPONS 25 l 
K 
3.1 i.lectrons from the Fission Reaction 45 
3,1,1 Electron Emission in Compound Nucleus 
Formaticen 35 
3, 1.2 The Probability of B-Decay During 
Deformation and Splitting of the Nucleus 36 | 
‘ 3.1.3 Electrons Accompanying Prompt Neutron 
Emission 36 
3.1,4 Prompt Internal Conversion Eiectrons fron: 
Fission Daughters 3i 
3.1.5 Ionization of Orbital Electrons cve to 
Separation of the Fission Daughters 39, 
3.1.6 Electrons from Beta Decay 39 
c 3.1.7 influence of Beta Decay on Or»itai 
Electrons AD 
3. 1,8. Internal Conversion Following Beta Decay 40 
3.1.9 Auger Electrons from Fissicn Daughters 41 
3. 1. 10 Electrons from Interactions of the Fiseion 
Daughters with Other Atoms 41 
3.1. 11 Multi-Particle Fission 46 
3.2 Electrons from Elastic Scattering of | 
Neutrone 43 
S23 Electrons from the Inelastic Scattering of , 
Neutrons 44 
3.4 Electrons iror. the Thermonuclear 
Reactions 44 
3.5 Electrons Produced by the Interaction of : 
y-Rays 4E 
3.5.1 High energy Electrons 46 
3.5.2 Low Energy Electrons 41 7 
3.5 Electrons Produced by the Interaction of 
X-Raye 47 
aa Tf Thermai Electrons 45. 


- iii - 


Document obtained from the "Russ Kick Collection" - Located at TheBlackVault.com/russkick 


EH PLESSET ASSOCIATES, INC. 


TABLE OF CONTENTS (Continued) 


© 


Section Page 
3.8 Effects of Free Eiectrons 4B 7 
3.8. 1. Influence of Free Electrons on Observation 
| of the Weapon 49 
3.8.2 Radiation from the Weapon-Produced Free 
Flectrors 49 
i 3,8. 3 Electron Belts from High Altitude Explos- 
ions and their Effect 43 
3.8.4 Ionization and Excitation of the Atmosphere 
by Electrons from High Altitude Explosions 50 
3.8. 5 Explosion at Low Altitudes 5D | 
TABLEI.- The Fission Reaction | 53 
TABLE II - Reactions Other Than Fission éi- 
APPENDIX A-; | 67 
v-Rays from Separating FisBion 
Frapments BT 
APPENDIX A-2 69 


Excitation of Orbital Electrons by Dis- 
continuous Change ín Nuclear Charge 59 


APPENDIX A-3 Ti 


Electron Transitions Induced by the 
Neutron Magnetic Moment 71 


r a 


~ iv - 





Document obtained from the "Russ Kick Collection" - Located at TheBlackVault.com/russkick 


—.. 


© INTRODUCTION AND CONCLUSIONS 


This paper treats the emissicns Irem the reactions occurring in nuclear 
ata 

wraponB, specificaily the neutrons, f- rays, X-rays, and electrons 

emitted during the course of a nuclear expiosion, The basic physics of 


the processes leading to these emissions — fission, imelaBtic scattering, 


interactions with orbital electrons and others — is discussed qualitatively 
50 that a good understanding of what occurs in nuclear weapons may be 
gained. In most instances scruiquantitative estimates also are made of 
the number, energy, and energy distribution of the emissions, 

Clearly in weapon perforrmarce research, and in nuclear weapon effects, 
ilis these outputs of the nuclear weapon which are relevant, in past 
work emphasis has usually been placed on the em:ssions carrying the 
maior fraction of the energy of the weapon such as the thermal X-rays, 
or on some paneer eeston useful for a Specia. diagnostic purpose | 
such as the prompt A-zays indicative of the neutron multiplication tate, 
or on an output important in a damage effect such as the fast neutrons for 
neutron heating of fissile material. In contrast, thi: paper attempts a 


systematic listing of all the ernissions fram tke ma'or reactions with the 





hepe of stimulating ideas concerning their importance in various posrible 
apom;ications, AS a consequence, even very miror processes have been 


recorded, often with no further point than to show that they are indeed 


negiipibie for all conceivable applications, As the method of approach, 


T" 


the events in each major type of reaction are ordered in a careful time 


sequence thereby reducing the probability of ornitting any specific weapon 
ra 


fo 


output, # 


r 
a 


ry 


Section 1 of this paper digcusses the y-rays both from fission and from | 
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other nuclear reactions in the weapon. Since the reactions leading to 
O y-rays often are accompanied by X-rays due to disturbances in tnc 

ortital electron shells, these specific types of X-rays are also treated 

in this section. Neutrens are the subject of Section 2, including neutrons 


from fission, from thermonuclear reactions, and from reaction scat- 


tering. Section 3 treats the electrons emitted curing-the reactions, not 
merely the B cecay electrons but the electrons due to compton scattering 
of Y-rays, to inlernul conversion, azd to à variely of cther minor Te- 
actions, The major results are summarized in tabular form in the two 
tables at the end of the paper. In each section an outline is given of 

. some of the weapon diagnostics, phenomena, and effecis related to the 


specific weapon emission. 


Since the purpcsc of the paper is largely didactic. the numbers quoted 

are typical, or of example, and are not intended to be the last word in 
© accuracy, Particularly for the non-fission reactions which can take 

place with a large nurrber of nuclear species, the numbers for energy 

azd spectrum are not given for each species, but for a representative 

one, and large factors of difference may be expected in specific cases, 

The discussions in the body of the paper seek to point this out. Moreover, 

fission nas been discussed in generic terms, obliterating the.distinctiong 

between TLLA py??? and er" fission. 
The fission reaction occupies the major portion of the discussion in this 
paper, because so many phases are involved in its description, starting 
with the ingestion of a neutron to form. a compound aucleus, tnrough the 
formation oí two daughter nuclei, to their separation and subsequent radio- 
active decay. A time table has been made for these phases whichis sum- 


marized in Table L In this table the origin of time ig the ingestion of 


the inciden! neutron. However, because figsionsa occur over a long period 
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oi time in the cevelopment of the nuclear explosion, later phases of one 
fission overlap with the early phases of another. The useful time reso- 
lution in discussing the outputs of the weapon due to the fission reaction 
therefore is related to the time scale of the weapon. In eariy stages this 
1s the neutron multiplication time or thermenuclear burn time, of the order 
of 107” seconds, while in later stapes this is the hydrodynamic expansion 
tme, of the order of a few times Tu sec. Time intervals less that 

Wm? sec. therefore are specified only roughly to give an ordering of the | 
events and ta estimate relative probabilities of competing reactions, It 
appears however thet there is a significant quiescent period in the reactions 
following fission frorn the time that the prompt reactions cease, after, 


-]21 
say 10 sec. until the time beta decay reaches an appreciable level, 


-3 
say lÔ ` &ec. This period spans the disassembly time of the bomb. 


In the discussion of fission, we have tried to follow side reactions of 

sow probability ur of minor energy release ina systematic way, in case 
the products might prove important in some as yet undiscovered diag- 
nostic or effects application. Particularly the possibilities of the ap- 
pearance of mast of the enormous energy of fission in channels other than 
the kinetic energy oí the daughter nuclei were explored. No possibility 
ior concentrating this energy into neutrons was found. However, two 
processes Causing this energy to be given to a y-ray or X-ray are dis- 
cussed, the coberert oscillations of the daughter nuclei resulting NE à 
giant resonance type of radiation, and the-acceleration radiation from the 
daughter nuclei on separation. Albeit with emal probability, these pro- 
ces&cs ore capable ci giving very much higher energy yerays than are 
usualy considered in the treatment of fission. Experimental confirma~ 


uon vi these possibilities is lacking at present. 


Painstaking attention has also been paid ts the electrons accompanying the 


fission reaction. In addition to the beta decay electrons which only appear 





JU h 
- i 
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at Late limes in the explosion history — indeed after complete dis- 
assembly of the weapon and widespread distribution of the bomb debris, 
there are a few prompt high enerpy internal conversion electrons and 
very many iow energy electrcas from a variety cf atomic rather than 
nuclear processes which ionize the orbital electrons. While such 
electrons when created curing the mair fission reaction can scarcely 
ever be emitted into the outside world. the corresponding electrons 
trom later fissions when the weapon hes disassembled tu sume extent, 
can. This occurs durirg the otherwise quiescent period of the main fission 
reaction and even small numbers of electrons mav hererene be of sig- 
nificance, These later electrons can, for exampie, play a role therefore 
in aromalous injection of electrons into the magnetic fiele in high altitude 


explosions. 


Whereas no mechanism was found by which hich energy neutrons could 
be produced from fission, several possibilities are discussed in con: 

nection with other bomb reactions. First there is the weil known high 
energy end cf tne "14 Mev" DT neutrons Cue to center of mase motion 


of the reactants in a thermal distribution. Second is the neutrons from 


‘the DT reaction involving non-thermalized T giving ever. n.pber energy, 


Lastly there are neutrons which have been scattered frum « jasl proton, 
or even from another fast neutror, and have gained energy iz the en- 
counter. Neutrons are a wel: recognized diagnostic tool in the study of 
Weapon kinetics, and tne high energy tail of the spectrum wii) give the 
purest Ly pe oi iniormation. The smail numbers of neutrons from these 


processes do not appear to be important in effects, since they are over- 


whelmed Ly the bulk of the neutrons at the peak of the energy distribution, 


Copious numbers of X-zaye are formed in many phases of the fission re- 


=. mch 


action and other reactions in weapons. In similar fashion to the low 
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energy electrons, the early X-rays usually will not get out of the bomb, 
Q but those emitted after partial disassembly will. No specific signature 
was found for these X-rays which would make them useful for diagnostics, 


and the tomb thermal X-rays emitted at the same time will no doubt ovar- 


whe lm them in any effects. 


Some of the material of this report is explained in more detail in separate 


papers on each of the emissions: 


Y-rays 


"Prompt Gamma Rays", by David Saxon, EHPA No. 55148, 
prepared for DASA, Unclassified 


f-rays 
"Ike Beta Spectrum From Nuclear Weapons", by Wendell Horning, 
Bcb Hunter ard Don Lynn, EEPA No. 55554, prepared for DASA, S-RD 


Neutrons 
O "Theory of Fission and Fusion Neutron Spectra", by Igor 
Alexandrov, EHPA No, 55428, prepared for DASA, Unclassified 


Weapon Outputs 

"Prompt Emissions From Nuclear Weapons" by Olen 

Nance and Harris Mayer, EHPA No. 55650, prepared 
| ior DASA, S-RD 


| t js a pleasure to acknowiedge the help given by the authors of these 
reports in stimulating this paper, and to Dr. John Wagner for his review 
of and helpful additions to the final manuscript. Furthermore, the analysis 
of the effects of changes in nuclear spin on the orbital electrons, given in 


Appendix A-3, is due to Dr, William Ramsay, whose cooperation in 


Various discussions of the nuclear mechanisms is appreciated. 
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Q SECTION 1 


GAMMA RAYS AND X-RAYS FROM REACTIONS IN NUCLEAR WEAPONS 


The principie classes of nuclear reactions producing y-rave in 


nuclear weapons are 
235 


l. Fission in fissionable nucle}, principally U 
238 239 
U , eu 


4 


2. Neutron capture in weapon materials, for example | 

y^ ?? ín; xd ye? | | ; 
3, Reaction or inelastic neutron Scattering ib Weapon 

materials, for example gree (n, ny} yo 

p" (r, n pe", 
4. Specific reactions ia thermonuclear fuel, for example 


B's ug uut y. 


These reactions as sources oj the y-rays and associated X-rays from 


the atomic electrons will be treated in successive Sub-sections. 


1,1 The Y-Rays Associated with Lhe Fission Process 





In this section the sequence of events that follows when a neutron hits 
a fissionable nucleus is outlined, with emphasis on the Y-ray production. 
We shall try to explain the times in the seCcuence at which y-rayB are 
emitted and the Y-ray energy. Our purpose.is to trace very carefully 
the time variation in the y-ray production, since the y-ray rate is an 
important ciagnostic tool for nuclear weapon performance, and i8 re- 


lated to damage and interference weapon effects. The sequence of 


events ie as follows: 





Q 
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1.1.1 Compound Nucleus Formation 





A neutron hits a fissionable nucleus and with a certain probability is 


incorporated inte a compound nucleus in an excited state. 


1.1.6 Alternative Moces of Decay of the Compound Nucleus 


-e e eel iai 


The excited state may emit a neutron, returning to its ground state — 
a process termed capture elastic scattering; it may emit a neutron in 
a transition to a lower excited state — termed inelastic sca ‘ering; it 


may retain ihe neutron and emit the excitation energy of the compound 
nucleus in Y-rays, singly or in cascade, — termed radiative capture; 
or it may decay by fission. Each process has its characteristic proba- 


tility, depending upon the fissiorab;e nucieus and the neutron energy. 


1,1.3 Daughter Neclei Formed before y-Ray Emission 


lt is known experimeztally that \-rays accompany fission, However 
itis extremely improbable that a Y-ray will be emitted by the com- 
pound nucleus before fission. If there is sufficient excitation energy 
for fission to occur with reasonable probability, the fission moie of 
decay wili prevail over the y-ray moce, because of the relatively 

poor coupling of the nuclear energy with the electromagnetic field. Be- 


cause of ihe mall coupling, typical times even for strong y-ray dipole 


-15 . 
transitions in nuclei are about 10 sec, while typical times for 


tots | - 


P 


neutron induced fission in ia and pi are about wee sec. In con- 
trast, if there is sufficient excitation energy for fissicn to overwhelm 
Y-ray emission, so that a V-ray is actuaily e:ri:ted first, the residual 
state of the compound nucleus will nave even lesse excitation and so small 
a probability of fission that it may be neglected in weapons discussions. 


The conclusion is, therefore, that fission occurs before y-ray emission, 


or not at all. 





Document obtained from the "Russ Kick Collection" - Located at TheBlackVault.com/russkick 


1. l. 4. Electrostatic Repusive Energy of Daughter & not Available 


for Y-HRav Emission 
p oap a i a Ss 


We will treat the theory of fission accerding to the liquid drop model, 
which, at least in ite general features, is still regarded as applicable. 
During fission, a configuration is reached in which two distorted daughter 
nuclei are formed but have not yet moved apart, somewhat as iilustrated 
in the sketch Figure 1. The question is, wnetner the X-rays are emitted 
at this stage, or are produced even later. At this time the full energy 

of fission, about 209 Mev, is released, but 
is not available because most of itis ai- 
ready in the form of electrostatic energy 


of repulsicn of the two daughter frag- 





ments, Immediately after fission the 
centers of the daughters are separated 
Fior d by about ipse cm. By the time this 
separation increases tenfold to about 
]Ü ^ em, SC percent ci the electrostalic energy has been converted 
into kinetic energy of thc fragments, end little will be available for 
conversion into cther forms. The additional teparation takes only io” | 
seconds, insufficient for not)iceabie y-ray emission from the usual one 


particle states. 


1.1.5 Coherent Osciilation for y-Ray Emission Before Separation of 


Daughters 





It is possible, however, to have enhanced Y-ray emission due to a co- 
herent motion of the charges. At the mement of fission, there is a 
preponderance of protons at opposite ends of the distorted nuclear drop, 
as indicated in Figure l. After separation, there can be a coordinated 


oscillation of the displaced protons from erd to end of a daughter nucleus, 


* 
if Z is the number of excess protons initially at one end, than the one 


P -B- 





Document obtained from the "Russ Kick Collection" - Located at TheBlackVault.com/russkick 


Pee h Ta pom 
c E Orit i 


particle y-ray emission probability will be increased by the arder of 
tr? Tt 


Z . The limiting value of Z is about 60, the full number of protons 
in the more massive daughter. A more reasonable estimate is a z” 

of about 1U oz less, As a result, y-ray emission times will probably 
be cecreased from the one particle value of io Bec to jp and 
ceríainly io ng less than 3 x jg ? Seconds, Therefore, Dy compari- 
son with the eifective separation tme of ju ^P sec of paragraph 4, it | 
appears that some contribution to y-ray emission bw this mechanism i 


possible, but likely to be small. This coherent oscillation is of the same 


_ e e a 


This mechanism might be important because a great deal of the total 
fissior energy is available at this time for conversion into y-radiation, 
and indeed a masy particle transition of the type discussed could release 
much of this energy in a single hard Y-ray. Since, however, fission 
occurs in many modes, as seen by the broad mass distribution of daughter 
fragments, one does not expect the Y-rays to nave a single cnergy or even 
: 
a smell group of energies but rather a broad distribution. 1t is not known 


by the authors whether oy not thi: mechanism is consistent with the ex. 


perimentally observed spectrum cf V-raya frer fission. If theses y-rays 
are indeed present in the estimated quantily, thelr observation would be 


borderline in the usual experimental arrangements. 


1 15 Radiation Duc to Acceleration of Fission Daughters 


The acceleration of the daughter fragments on separaticn may also give 
rise to Y-rey emission by the purely classical etieci, This process ig 
quite analogous to Bremsstrahlung, but massive nuclei are invoved in 
acceleration, rather than light electrons in deceleration. Toa large 


extent the radiation from one daughter fragment is cancelled by that of 


q _ 
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the other, since the motion of the two fragments is coherent, In eym- 


metrical fission, for example, there would be no dipole radiation at all 
caused by this mechanism,  Unsvmmetrical fission being the rule, rather 

than the except:oa, however, one would expect to find acceleration radiation 

duc to the net charge difference of the daughters, The energy radiatod is 

estimated by classical formulas in Appendix À-]. There itis found to 

bei = .72x Cente or only 4 kev, which is quite negligible. A refined 


treatment of this process is thus unnecessary. 


l1. Pr 





ompt Y-Ray Emitted After Neutron Boil-off 

Although the majer fraction of the fission energy i5 converted into the 

kinetic energy of the fragments in a time of the order of q^ seconds, 

én important miner fraction remains as nucicar excitation of the daughters. 

Most of this excitation energy is used in boiling+off nrompt neutrons from | 

the daughters, since,when encrgcticaily possible, the emission oi a neutron 
© is favored over Y-ray emission. On the average each caughter cmits 

H £9 neutrons in yo fissicn, and 1. 5 in pa fission, each neutron 

taking away abou: b Mev binding energy and é Mev kinetic energy. After 

the final neutron is emitted, the saeit on of the remaining nuc.eus should 
be below threshold for further neutron emission, that is, less than about 
& Mev, Indeed al’ values of residual excitation up to this maximum aro. 
possible and about equally likeiy, so that the average excitation is about 
3 Mev. This excitation erergy is than emitted in the form of Y-raye, by 
iscmeric transitions, usualy in cascade, to the ground state of the 
nucleus. Emission times range from m seconüs at the ghortest, to 


14 -a713 
or 30 seccnds. The total y-ray energy 


the more likely values of )0- 
emitted this promptly is about 2 Mev per daughter, or 6 Mev per fission, 
Furthermore, itis very unlikely that any single Y-ray wili have energy 
above 6 Mev, for with that much energy available, neutron emission is 


possible. A few photons are observed experimentally above this energy, 


Q the theoretical explanation d these is not clear, Because of the cascading, 





——s m. 


the mean energy of the y's will be only 1 Mev. Furthermore, because of 
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the statistical nature of the emission, which cores from a distribution 

of daughter fragments, with cach single daughter containing a distribution of 
nuclear energy levels from which the v's car originate, the energy spectrum 
of the Y's should be very aense.in lines forming a Poisson distribution but 
with an energy cut off at aboit6 Mev. Experimentally the Poisscn distri- 
bution is indeed reproduced up to abcut 6 Mev, and the number of y's 

azove this energy is much less (iai a siiupie cunlinualiou of the Poisson 


distribution would give. 


1.1.8 Argular Distribduticn of Gamma Rays 





The line of centers of the two daughter nuclei forms a preferred direction | 
in space, and it is therefore possible that the angular distribution of the 
Y-rays from a fission is net spherically symmetric. The terrenis. 
arguments are too vague to be conclusive. On the cne hand, as mentioned 
in the paragraph on coherent motion cf the protons during the early stape 
of daughter separation, the protons initially will tend to oscillate along 
the line of centers, if notin a collective state, at least in cr 5 narticle 
states. The dipole radiation from these protons will have the iypica) 
angular distribution cencentrated at right angles to the praton motion, 

On the other hand, Y-rays are ernitted after a neutron is evaporated 

from a fission daughter. | The neutroz transition causes the nucleus in 


some measure to forget! its mede of formation, and subsequent y-ray& 


emission should be spherically eyrmmetrical. An experimental resolu- 


tion of this question is required, 


1, 1.9 Doppier Effect 


Being emitted by the fission caughters after the daughters nave gained 
their full velocity, nro cm/sec, the Y-rayg should be doppler shifted. 


Observations along tne line of centers, then, would show a slightly greater 
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i energy spread tothe Y's, about 5 percent greater, than observation at 


right angles to the ‘ine of centers. 


|. 1. 1G. Quiescent: Interval Until B Decay 


After emission of the prompt neutrons and immediately following the 

Y-rays, the fission daughters drop to their ground state with insufficient 

energy for further heavy particle emission. Nevertheless, they are very N 
far from the stability curve of the stable nucleids, since they are still 

neutron rich for their mass rumber. This defect is rectified by f decay, 
which effectively converts a neutron into a proton in dhe nucleus. But, 


because of the very poor coupling of the nuclear particles with the 


electron-neutrino field poverning beta decay, the transitions are slow. 





Mean life times of the nuclei against beta decay are no sherter than 
-3 , | ; 
10 seconds even icr the most energetic betas likely, and the actual | 
decay times are probably ronsicerably longer. Therefore there is 
í ) a quiescent interval in the history of the nuclear reactions of the fission 
-— | 
fragment, from about 10 seconds when (except for some forbidden 
LI = a a * | Da =3 
transitions) the Y-ray emission is complete until at least 10 ` seconds 


when beta decay occurs and further nuclear reactions may follow. 


1.1. 11 Prompt X-Ray Emission Foliowing Fission 





-13 
Although nuclear Y-rays are very improbable ‘rom about 10 seconds 


after fission until the onset of 8 decay in the fragments, in the interim 





eiectromagrnetic enc rgy can be emittec hy the rearrangement of the orbi- 
tal electrones of the fissioring atom, a process which eventually fills up 
the orbitals of the daughters. The source uf (his energy, which will be 
emitted as soft X-rays, is the kinetic energy of the daughters; therefore 
avery large amount of energy is available. The coupling acts through 
the Coulomb field between orbital electrons and the nuclear charge, a 


O strong coupling. However, as Will be discussed, only a very small 


e eae 





| 
| 
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fraction of the kinetic energy is converted into X-rays, essentially be- 
OQ cause of the difficulty of transfer cf energy from the massive nucleus to 


the light electrons. Therefore this cource of X-radiation does not appear 


to be significant in weapon discussiors. 


a. Ellect of Nuciear Deformation 


lt is known from the isotope shijt in the heaviest elements that the 
electron energy levels of the s electrons in particular depend slightly 
upon the nuclear structure, In the first stages of fission when the nucleus 


is deformed, Sul not yet separated inta daughters, the change in the 


ncc;rar configuraticr from the original must be large compared to that 
between two isctopes, Furthermore the change occurs suddenly compared , 
to the period of the orbital elecircns. n such a sudden perturbation, tran- 
| sitions of the electrons may be induced, leading to a vacancy in the K shell 
| to be filled later with accompanying X-ray emission. The probatility of 
O such transitions, however, is necess arily small, since the crbital wave 
iurictions befcre and after the deformation are so similar. Indeed, except 
for normalization, the wave functions outside the nucleus are essentially 
E i F a È 7 4 
; the same, and that region of space contributes al] bui a fraction a (a2) 
I 
of the overlap integral which cetermines the transition. The transition 


probability is of the order of the fractional change in effective nuclear 


volume multipliec by the above fraction, a negligibly small quantity. 


b. Ejection of Outer Electrons es Daughters Separate: Sudden 


Approximation 


Wren the daughter nuclei bepin to separate, the orbital electrons find 
themseives ina changing electrostatic field, varying from the initial 
Coulomb field of the combined nuclei to the final two-center field of 


tne separated nuclei, For the outer electrons cf the fisrion atom, this 


l change in field is sudicn compared to the period of the electrons, and 
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the sudden approximation for treating the process may be used. The 
5ission fragments have velocities of the erder cf 10? cm/sec, Any 
orbital electron with mean velccity less than ie? cm/sec, corresponding 
to a kinetic energy wrich is numerically equal to a binding energy of about 
309 ev, is unable to change its crbital motion ouick]y enough tc adjust to 
the changing nuclear field. According to the sudden approximation such 
an electrcn wiil, with probability close to one, make a tuantum transition 
to an excited state which is most probably an ionized state of the fission 
daughter. Each dauphter will therefore be ionized down to the level of 
about 300 ev binding energy 50 that about 15 élapirduá üré missing, and 
X-rays will be emitted as these outer shells are subsequently filled. The 
X-rays then have less than 300 ev energy each, while the total photon 


energy per fission from this source is about 5, 000 volts. 


^, Behavior of Inner Electrons: 


Ad:zbhztict AÁpnoroximstion 


- r 





Electzcns with binding energies greater than about 300 ev, in contraat 

to the case just discussed, can be expected to resis: fission-caused 
transitions to new states. One can visualize that the inner uranium j 
electrons move so fast that they can, by a slight change ir orbit in each 
period, adjust to che new orbits required around the daughter, Mathe- 
matically, thev obey the adiabatic appzoximatior; the daughter elect ron- 
shells to first approximation are filled by electrons from tke cranium 


orbitals ol proper symmetry withent any quantum transitions, 


Of ccurse, there are not enough electrons in the fissile aterm of the 





»rcper symmetry to fill up ali the orbitais of both caughters; the lower 
shells are filled, but abcve a certain point there will be vacancies, even 
in the strict adiabatic limit. These vacancies will probably begin to 
&pgazr in the 42 daughter shell, just about at the limit of applicability 


of the adiabatic approximation. The photons from later filling of these 


© xp 


n f-m à z 
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vacancies will then be of relatively low energy. 


Q 


This adiabatic approximaticn will, in fact, not be exactly valid, so there 

wil be some transitions induced by the changing fieid of the separating 
daughters. in analogy with the Landau-Teller theory, the transition proba- 
bility for an electron af orbital velocity L^ caused by a velocity of the daugh- 


ter nucleus VA will be 


Therefore about 4 percent of the K electrons will be displaced, leaving | 
vacancies whicn later prccuce hard X-rays of energy about 32 kev. The 
total energy fram the average number of spaces left in the 4K electron 
positions of the two daughters is ~5 kev. The X-rays from L shell | 
vacancies will he softer, tut there are more positions to vacate and a 
O higher probability of quantum transitions so that the total X-ray energy 
for the sheil will bc even greater than for the K shell. For a shell oí 


principal quantum number n, the ciectron velocity V_« l/m so that the 


E 
TENES è 
prcbability of ionization Pe n. There are én electrons in the shell 
| à 
each with binding energy proportional to l/n so that the ene rgy in X- 
rays per shell will be E ] xin Pon. The L shell therefore con- 
č 
: n 
tributes about 10 kev, and in all there will be about 30 kev of X- raya per 


fission from this source, 


The adjustment of electron orbitals, and their quantum transitions, take 
place essentially im the transit times of the caughter nuclei throug’ the 
dimensions of the atom, about s sec, The subsequent emission of 
X-rays occurs slowly compared to this, about j^ sec or longer, and may 
therefore be considered as an independent process, The rate of X-ray 

3 emission is then given by the ordinary exponential decay iaw with the 


-]5- 








——— 
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mean ie of the excited atom against radiation. 


|.1.12 Delayed Gamma Rays Following Beta Deca 





At this point, ali the electromagnetic energy which accompanies the 
fission of an atom up to the time that beta decay occurs in the daughters 
has been categorized. There is a sigrificant time gap between the se 
radiations and those emitted following the beta decay, significant becsuss 
of the nuclear weapon dynamics. The energy discussed thus far is all 
emitted during the period of the main nuclear reaction in the weapon 
(except for a small zmount dus to delayed fissions) when the weapon has ^ 
not disassembled appreciably. As a result, only a few percent of the 
gammas and essentially none of the X-rays get out of the weapon, In con- 
trast, radiation cmitted after the beta decay occurs ata time when dis- 
assembly is compiete, and all such radiation gets to the outside world, 
The later radiation is therefore relatively more important ior external 


eifects, 


In the beta decay of a fission caughter it is equally likely tna: the nuclide 

formed in decay will or will nct be in an excited state. Oc-cxcitation then 

follows, usually by gamma ray cmission, and apain usually ir cascade, 

These gamma rays will have energies in the range from a tenth ta a few 

Mev, with a mean of abcut . 5 Mev obtained from a stz.istical treatment 

of the level schemes of the daughters. The total enerry ir pammas is 

also af the order of the total energy inthe betas, a reéul: which is reason- 

able considering the wide variety of daughter nuclides formed in fission. I 
These considerations arr indicated by the following decay scheme diagram, 


(Figure 2). 
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1.1.13 X-Rays Follewing Beta Decay 


During process of beta decay, a side effect on the atom, the ejection of 
an orbital electron, eometimes occurs. The vacancy will then be filled 


by transiticns of outer electrons, a process resulting in X-ray emission. 


Since the beta particles almost always have higher velocity than even 
the K electrcns of the daughter atoms, the transit of the beta thzough 
the atomic system may be considered in the sudden approximation, The 
atomic electrons will not be able to adjust their orbits adiabatically to 
tke changing electrostatic field of the nucleus plus the beta,' but occasion- 
ally will undergo quantum transitions. Actuatly there are Two related 
sudden effects causing these transitions. In the first, the beta particle 
moving rapidly through the atom peneralcs an electromagnetic pulse 
which tan cause excitation or ionization similar to that occurring in the 
photoelectric effect. Although this process has been treatec in the 
literature, we have not mace zn estimate cf its magnitude. The seccnd 
effect is due to the sudden increase by one unit of nuclear charge of the 


nucleus, and this change may excite the orbital electrons. 


The prebatility that a K electron will be excited is calcvlatec in Appendix 
A~2, There itis found that Pie e udi 3j Z) per K electron, which 
is about 0. 1% for one K electrens of one fission daughter. The energy of 
the X-ray emitted by a transition filling the K shell vacancy je atout Z 

Rh c, so that the total energy per Ë is just 2(3/4)Rh c or about 20 electren 
velts. Higher shells will contribute comparable amounts oí enerpy s 
X-rays, since, although the energy cf the transition ċcecreases as Lea , 
the number of electrons per shell increates as "n. ard the probability 


of excitation is independent of n. Altogether, theretore, one may exe 


pect about 100 volts of X-rays per beta having an nergy distribution up 


to about 15 kev. : 





cu =e i ee eee 
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1. 2 Gamma Rays anc X-Ezys from Neutron Capture 


| 
l 
l. e. 1. Cormpoune Nucieus Formation and Gamma Ray Emission 


At energies below about 6 Mev, neutrons captured by a nucleus share 
their energy with many clher rucleors, forming a true compound 
nucleus with relativeiy sharply defined ererpy levels. De-excitation 


proceeds either by Y-ray emission or by neutron ernission. 


a. Y-Ray Emissicn — Preferred at Thermal Energies 


For incicent neutrons of low energy, Írom room temperature thermal 

up to a few kilovolts, the decay of the compound nucieus proceeds by way 

cf Y-ray emission predominantly, there being so little energy zvailakle 

tc a neutron when emitted that only a small volume in phase space is 
accessible, Capture crossesections nften vary ns TS in this energy region. | 
The total energy available fer y-rays 1$ the binding plus kinetic energy 

of the incident neutron, about ? Mev. Therefore no y-rays of energy ' 
above 7 Mev are 10 ke expected. In fac: the Y-rays are emitted in 

cascade, the most probable energy being the mean spacing of levels of 

the proper symmetry.in ine compounc nucleus, Light elements have 

widely Spaced energy levels, so that energetic ¥-Tays may be expected, 

A smiliar efíect is noted for closed shell heavy nuclei, such as - | 


For the medium and heavy elements in general, however, the level 


density is high, and the mean energy of the y-rays is about 1 Mev. 


b. Neutron Emission- Freferred at Hiphez Energies 





Abcve a few kev, the phase space available for tne re-emitted neutron 
is large enough so that this process competes with anc wins out over 
y-ray erission.+ The radiative capture cross-sections for fission energy 


ncutrons range from. a few hundredths to a few tenths of a barn, increasing 
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with increasing mass number through the table of isotopes. Total energy 


and spectrum oí the Y-rays are dete rmined by the pame considerationa as 


in thermal capture, and the resulting Y-ray spectrum is thergíorec in- 


Bensitive to incident neutron energy. 


1.2.2 Direct Radiative Capture l 


Ay energies above a few Mcv, and in particular at the 14 Mev energy range 
Jarente diie of the thermonuclear neutrons from the DT reaction, the 
incident neulron does not share energy with many nucleons of the capture 
nucleus. Instead, it forme a single particle state which then makes a | 
direct transition to a lower state. The single particle levels are spaced 
quite far apart, and even in cascade a typical Y-ray hao much higher 
— than is the case with compound nucleus formation, Even though 
they may be few, then, direct transitions are presumably the source of 


all the high energy y-rays observed from capture. 


1,2. 3. X-Rays Dee to Neutron Gapture 


A neutron added to the original nucleus on capture Changes the epin ard 
the size ofthe nucleus. This change occurs suddenly on the time scale 


of tne orbital electrons. As a result there is a small probability that the 


electrons will be excited or ionized, On de-excitation X-rays are emitted. 


X-rays are produced by yet another effect, In neutron capture, the 
nucleus recoils with velocity l/(A + J)times the velocity oi the incoming 
neutron. For high energy neutrone and light nuclei the recoil] velocity is. 
comparable to orbital electron velocities, and the electrons usually are 
excited as a result, De«excitation results in X-rays whoes energies are 
usually low, corresponding to outer nhell transitions of the order of 100 


to 1000 volts. 
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A ciffercnt source of X-rays due to veutron capture is the following 
indirect process, The excited nucleu8 may on occasion decay via in- 
ternal conversion rather than via Y-ray emission. The hole left in the 
orbital sheli is then filled by an X-ray transition.  Whernmas the machanisms 
described in the above two paragraphs favor vacancies in the higher Hi: ella, 
anc therefore very low energy X-ray, internal conversion favors vac- 
ancies in the K shell and gives rise preferentially to X-rays of the ordar 


2 
of Z Ry, or about 30 key for the average element, 


1.3 Gemma and X-Ravs Foliowin 





the Reaction Scattering of Neutrons 


At incicent neutron energies ascve a few kev, reaction scattering be- 


comes mere important than capture. Often the nucicus after scattering 


= HALE 


is left in ite ground state, so that no Y-ray is emitted. If the nucleus 


is left in an excited state, Dut below the thre shold for neutron emitsi on, 
Y-ray de-excitation is the rule. This process is a typical exampie of 
inelastic scattering. For high energy bombarding neutrons, after a 
single neutron 15 scattered a second neutron may te emitted, and usually 
leaves some residual excitation, Thies i5 a case of an (n, én) reaction. - 


Final de-excitation comes abcut by y-ray emission here alec. 


The de-excitation following reaction scatiering is similar in nature to 

that following capture, anc. is determined hy the balance of transition 
probabilities and nuclear level densities. One important quantitative 
difference, however, i5 that in capture, the entire binding energy of the 
neutron ie available for Y-ray emiseion, whereas in reaction scattering 

‘he binding energy i8 iciurnec to the emitted noutron lcaving only æ 

fraction, but usually the major fraction, of the incident kinetic energy 

of the neutron available for Y-ray emiesion. Ae a result, the y-ray spectrum 
due to reaction scattering processes is weighted more heavily in the 0 to 

| Mev range than the radiative capture spectrum. | 


aai 
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The cources, amounts, and energy Spectrum of the X-rays resulting from 


reaction scattering are similar to those from radiative capture of neutrons. 


1.4 y-Rave from Reactions in Thermenuclear Fuel 


Yy-rays are not produced by the main line thermonuclear reactions in 
typical thermonuclear fuels. These mactàkns proceed with little kinetic 
energy of the incident particles and involve light elementas with widely 
spaced energy levels, so that usually nct enough energy is available in 
the reaction te lead to an excited state which may then decay by y-ray 
emission, There are, however, some reactions which, though they have 
small probability, do give rise to characteristic Y-ray8. Particularly, 
a reaction giving an alpha particle as one preduct will release a large 
amount of energy because of the relatively high binding energy of the 

c compared to the other light elements; a capture type reaction will 


then produce an energetic y-ray. Two reactions in particular are 


known: 
(1) p+ T— 3» w* hv, Q- 19,8 Mev 
and 
(e) is^ 3 p—} o ead ty, (eS Mew: 


1 


Measured values give the average cross-section for these reactions 
over the 0 - 1 Mev range of proton energy as ¢ x 19778 ini and 

2.4 x ip Tal relatively small compared to the usual reaction 
cross-sections. The important low energy portion of lhe cross-section 
fron 0 - 50 kev hag not been measured directly, It iz net easy to 
extrapolate into this region, since there are two opposing factors, On 
one hand, the cross-section should become smaller because in going 


from an energy of 1 Mev down to this lower region, one changea from a 


reaction with enough energy to go over the Coulomb barrier to one which 
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must tunnel through the barrier, On the other hand the full Coulornb 
O factor shouls not be az2lied Lo ine righ erergy cross-section, because 
there is a competing particle reaction, p + T ———9 D + D, whichis 
suppressed relative to capture. The iattcr reaction requires barricr 
penetration beth on formatior and on breakup of the combined nucleus, 


3 
whereas the p * T ——3 4 +Y andp + T ———»He + o reactions 


need only penetrate tke barrier on formation of the cornbinad nucleus. 


The low energy values of the cross-sections of reactions (1) and (2) 


are therefore ir doubt at present. 


15 Effects of Prompt Gamma Rays 


1, Diagnostic of Weapon Design and rerfcrmance 
The rate of promp: Y-ray emission is indicative of the neutron popiiation 
within the weapon anc therefore may be used as a diagnostic tool of 

© weapon design and performarcc. Effects which may be studiea to gain 


more or less accurate information are: k 


l. the neutron multiplication rate, 


2. the occurrence of thermonuclear boosting, E E o d 

i Mog ‘ . gti Re c a "A 

C —— € ese TUA TE P RU ug t t n = 7 
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4, “the relative yield of similar weapons. b Md 


By collimation type experiments wnicn isolate a segment of the weapon, 


more detailed information may be gained, Bpecificaliy, 
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nuclear reactions, 


2, Atmospheric Fluorescence 


The Y-ravs excite the air to radiate in the visible, producing the s0- 
called Teller light. This light consists mainly of the first positive 

band of N, and the firat négative band of N’ both in the blue and the 
second positive band of N, in the red. Different experimental measure- 
ments give values of betweer l and ]O percent of the absorbed Y -ray 
energy emitted in the visible. Jt has been agreed to use a mean value of | 


= i , 
"EP 


The atmospheric fluorescence is important in diagnostic experimentation, 
and is useiul as the earliest external signal of the explosion which may 


be employed as a trigger for experimental apparatus or damage prevention ` 





devices such as eyeburn shutters, Also there is sufficient intensity to 
be a possible danger to sensitive optical devices operating near an ex- 


piosion. 


3. Direct Damage Eljfects 


l. Total radiation dose to sensitive components. 

2, "Rate! eifect, that is the effect of y-ray energy delivered 
during the proper integration time of the irradiated corn- 
ponent, 

3, Transient responee induced in electronic By stems. 

4. Sudden heating effect due to energy deposition. 


{Neutrons and X-rays are usually more effective. ) 


4. Interference Effecte 


|. Formation of ionization layers in the atmosphere causing 


der go 
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NEUTRONS FROM REACTIONS IN NUCLEAR WEAPONS 


The major ‘cactions giving rise to newtrans in nuclear weagons are 
fiesion, (n, Zn) reactions, and the thermonuclear reactions Such as 
D+ Tz &* n In addition botn clastic and inelastic scattering ann 


absorption alter the energy or number of neutrons in the assembly. 


2.1 Neutrons from the Fission Reection 


The steps in fission have been outlined in Section 1] on Y-rays, and they 


need be only briefiy recapitulated here. 


D 


.1.1 Gatneound Nucleus Formation 
ll a À  — — Hc HÀ "RÀ IRR e e Bi 


An incident neutron ef low energy may bc incorporated inte the Largoet 
nucleus and share its energy wilh inany mucicuns. At enc r(ies above 
OQ nbout 7 Mev, the incident neutron may be scattered inclaetic aly, a 
process usually involving only a few degrece of freedom of the target 
nucleus. Often, however, even after scattering sufficient energy i8 
left in the target to excite it ta fission. This excitation. shared by many 
nucleons, forms a compound nucleus in a manner similar to the casa of 


low incident neutron enerey. 


2.1.2 Fission before Neulron Emission 
— EER al 


if fission of the compound nucleus is going to occur, it must precedp 
neulron emission, because the departing neulron would deprive it of 
the energy necessary for fission. 

fei 3 Fra 


‘ment Daughters Gain Kinetic Enorgy before Neutron Emission 





Tho fission daughters are repcllec by etrong Coulomb forces, and attain 
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their full separation velocity in a little cver [Q seconds. This time 
is too short to allow the concentration of enough energy on s single 


neutron to insure its emission froma daughter during the acceleration, 


2.1.4 Neutron Emissicn from Mcving Day; 





The neutron widths of the daughter nuclei are such that the neutrons 
are emitted from the daughter nuclei only after the final velocity of 
is TH cm/sec has been atiained, Emission from the many level excited 
Gaughter may be considered in a statistical fashion analogous to the 
evaporation of a water molecule from a droplet by introducing a nuclear 
temperature T. The exergy distritution of the evaporated neutron in the 
center cf mass system is proportional to VE exp - E/kT, and neutron 
emission is spherically symmetric. Usually there is only sufficicnt 
excitation per daughter for the emission of one neutron, although oc- 
casionally there may be two or three. Therefore, it 18 possible to have 
0, Ll, 2, 3, 4 and sometimes 5 or € neutrons per fissior with the most 
probable number being 2 cr 3, and the average numer as cetermined by 
— eae, —— 239 
experiment being about 2.5 for U thermal fission anc 3 for Pu. 


thermal fission. 


2.1.5 The Neutroa Snectrum in the Laboratory System 
a£ à M —Pi e — ——n— HÀ € 


By transforming te the laboratory system anc averaging over emission 
directicns, one may find the energy distribution in tnc iabcratory ByBiein 
of coordinates, C Tre'analytical result is called the Watt spectrum, For 
g^ the data can be fitted by the Watt spectrum form by assuming a 
aaclear temperature cf kT = 1 Mev and à fragment velocity of about 107 
cm/sec (corresponding to a neutron energy of 0.5 Mev). An equally 


good fit to tne data may be obtained by the simple evaporation spectrum . 


VE exp{-E/T). Of course such a formula must be regarded as empirical; 


certainly it ig not indicative of emission from stationary fragments, 


2 pre 
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Eo" — i nt 





O 


Document obtained from the "Russ Kick Collection" - Located at TheBlackVault.com/russkick 





2.1.6 The Angular Distribution of the Neutrons 


Since the average energy of the emitted neutrons is M2kT = 1,5 Mev in 


tie cextes cíinass system, corresponding to a velocity of about 

cx 10” em/sec, and the fragments are moving at about I 10? cm/ sec 
at the time of neutron omission, the angular distribution will poak in a 

607 eemi~angle cone along the line of separation af the daughter nuclei, 
The energy distribution will also vary with angle, and will have higher 


mean energy in the preferred cones, 


Sota” Deer See 

| | -17 
The prompt neutron emission just discussed takes place about 10 
acc after fistión. Then, for a time no additional neutron emission 
occurs until after a special class of beta decay transitions, which happen 
to leave the residual nucleus in a state with enough excitation ius additional 
neutron emission. The periods of these delayed neutrons, therefore, are 
really the periods of these special beta decays. Theoretically they sh ould 
be expected to be rather long since the beta itself must not take too much 
enezpy away from the nucleus. In practice a number of periods, of range 
from about 0.2 seconds to one minute have been observed, giving about 


5 


2 2390 | | 
.216 neutrons per fission for U i or .006 for Pu `. Iria doubtiul that . 


chorter periods than 0, 2 sec occur. 


The delayed neutrons occur so late in time that the original velocity of 
the fission daughters nas long since been lost in inleractions with 

either the materials of the weapon, atmosphere, or magnetic field of . 
the earth, Hence the angular distribution will be isotropic in the small, 
as well a» the large, The energy distribution' oí the neutrone should be 


different in detail, and more weighted towards lower energy than ihat oi 


the prompt neutrons from fission, 


Contrary to their essential place in the control of reactors, the delayed 
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neutrons play no role in weapon reutronics — they appear only after tho 

oO main reaction 15 over, They do, however, contribuie to certain weapon 
phenomena and effects, just because they come at late times when the prompt 
neutrons have completely disappeared, For exampie, they contribute to 
the formation of an ionized layer at about 30 km altitude in a high altitude 


explosion, along with the delayed y- rays. 


2,2 Neutrons from (n, ?n) Reartione 


When the energy of an incident neutron exceeds the binding energy of the 
neutrons in the target nucleus, usually about 7 Mev, an (n, 2n) reaction 
is energetically possible, and is in dact quite probabile. The reaction 
usually proceeds by a direct route, the incidert neutron colliding with one 
neutron of the target, and knocking it cu: of the nucleus, without the inci- 
dent neutron ever being incorpcrated into the target.. Sometimes, however, 
the reaction proceeds via the compound nucleus, the incident neutron be- 
© ing incorporated in the target, which then has enfficient enerpy to boil 
off two neutrons. Actuaily, there is no sharp division between one route 
and the other, because intermediary cz6es can occur ior which the 
incident neutron reacts with a moderate number of nucleons, or more 
precisely a moderate number of degrees of Ííreedom oi the target, as well a6 
the extremes of few for the direct reaction and many for the compound, 


nucleus reaction. 


The spectrum of the neutrons from the (n, 2n] reactions depends in 
principle upon the mode oí interaction. For the direct interaction, the 
energy of the incident neutror, Jess the binding energy of the target neutron, 
wili be shared aimost randomiy between them with a slight preference for 
equal sharing due to the larger volume cf phase space available for that 
case. For example, with 14 Mev incident neutrons and a binding energy 


of 7 Mev, the average and also the mcst probable energy will be 3.5 Mov 


O | : Am rr 
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per neutron. In the compound nucleus case energies lower than this should 
Q be more common, depending on the level spacing. There will moreover be 
considerable probability of a residual nucleus being left with up to 7 Mev 
energy alter emission of the second neutron, this excitation energy Coming 
off as Y-rays. Asa resuit this neutron spectrum in actuality is quite 
breadiy distributed in energy and not very diferent from the fission neutron 


Bpectrum. , 
2.3 Neutrons [rom Thermo-zcclear Reactions 
a 


2.3. 1 Principzl Reactions 


The principal neutron producing reactions iz thermonuclear devices ara 


Neutron energy 


1 
(2-1) D+ D—— Re +n, Q-3.25Mev ` 2.4 Mev 


(202) DT »He + n Q 





17.6 Mev 014, 1 Mev 


The D + D reactior thus gives neutrons of energy compareble to fission 
neutrons, whereas the D + T reaction gives a new claas of neutrons of 


much higher energy. 


2,3, 2 Energy Spread ot Neutrons 

The fission neutrons have a broad continuous spectrum. The thermo- 
nuclear neutrons at Concertrated at the energies of 2.4 Mev ard 14,1 
Mev, but do not have a sharp line spectrum. The veiocity of the centor of 
MASS Lay muet be added to the neutron velocity V in the center of mass 
system to obtain the velocity of the neutron in the weapon system, ME 
Because these vectors may be oriested at random, there will be a velocity 


sproad and an energy spread to the thermonuclear neutrons. 





= = 
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S The velocity can have values between the limita V, ; = V+ Vue and 
"M 
| the energy between limits E -1M(V*V,) = Ell + ==), where 
| L+ E = \ 


M is the neutron mass enc E the neutron energy in the C. C. system. Now 
the velocity of the center of mass is oí the ordery kT/M - while the ve- 
locity of the neutron ir /2E/M , sc that the fracticnal spread in neutron 
energy is af the order ofl//kT/E . When the computation is Gone ac- 
curately the spread is actually found to be Q/3kT/E. This is a considerable 
energy spread, For reaction temporatures of 10 kev, for example, the 
energy spread in the DT neutrons is about 10 percent, covering the range 


from 13.4 to 14, B Mev. 


-Á a — l 


2.3.3 Source of Fasler Neutrors 
ee Ee Eee 


In à thermonuclear mixture, Gome reactions occur with fast reaction 
Q 2roducts rather than with thermzlized particles. Particulariy, the DD 
reaction has with about equal probability, ancther branch in addition to 


equation (Z-1), namely 


(2-3) D+ D— T+p Qs 4Mev. 

The triton, which has 1 Mev energy, :nay react according to Equation 
(2-2) even before itis thermalized, The spreac iu neutron exergy from 
the reaction (2-2) will now be very large, from about 10 to 19 Mev. Thess 


high energy neutrons aro the so called kigme neutrons. 


é. 4 scattering of Nevirous 


2.4.1 Elastic Scattering 
. \ 
Elastic scattering modifies the energy of a neutron. The usual collisione 


© i " pl > 
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involve a loss of energy of the fast neutron to the slow moving target 
nucleus, The maximum fractional loss in energy of the neutron is I/A 
where A is the mass number of the struck nucleus, Collisions with heavy 
nzclei like U.present in nüclear weapons therefore do not se riously change 
the neutron spectrum, while collisions with hydrogen, also present in 


most Weapons, do, 


During a nuclear explosion, in contrast to the case of the ordinary nuclear 
reactors, it is possible for a neutron to gain energy by elastic collisions. 
In thermonuclear fuel, for exampic, the thermal energies of particles 

are of the order of 10 kiicvolts, and in a small number of collisions, | 
those close to head on, the neutron will gaiz energy. The gain itself will. 
be small, comparable tc the spread in energy of the therrnonuciear neu: 
trons discussed ir Section 2. 3, 2, There arc, however, particles with 
higher velocity present in the thermonuclear mixture, from which con- 
siderably more energy may be gained, for example, the products of ra- - 
actions 1, 2, and 3 before they have been slowed down. Most notably 
among these are the 3 Mev protons of reacticn (3-3). Finally thero- àre 
the fast neutrons themacives, which, though present in low density due to 
tneir long mean free paths, have the pcssibility of highest energy pain 
curing the occasional collision of one with another. Neutrons of energy 


up to ZB Mey may be formed in these coilisions, 


2.4.2 Inelastic Scattering 


in the process ci inelastic scallering s Compound nucicus 18 first formed 
by capture of the incident neutrzor. The excitation energy 18 the incident 
kinetic energy plus the binding energy of the last neutron, The compound 
nucleus then decays by evaporation of a neutron, and the energy spectrum 
is therefore an evaporaticn type spectrum 8jrnilar in form to that of the 


neutrons from the fission daughters. Since typical nuclear temperatures ; 
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in this process are oí the orcer of 1 Mev, the evaporated neutroen will 
© have aa energy of this order, usually considerably less than the incident 
neutron energy. For example, the 14 Mev thermonuclear neutrons usually 


cive only à Mev inelastically scattered neutrons as a result of a collision 
235 a 


wita U 
2,5 Effects of Prompt Neutrons 


2.5.1 Direct Damage Effects 


]l. Neutron heating of fissile material cauring vaporization, 
melting, or phase change. 

2, Neutron heating of fissile material to cause thermal 
*nock, 

3. Heating of non-fissile materia. by neutron cantero or 
inelastic scattering. 

O 4. Radiation damage to sensitive components — total 

dose effect. | 


5. Y-ray irradiation damage from nitrogen capture Y's. 


2.5.2 Interference Effects 





Formation of an ionized laver at 39-40 km altitude from a high altitude 
burst. The ionized layer contributes to radar blackout and communications 


interference. 


2,5. 3 Phenomena 


], Fiuorescence cf the atmosphere in the visible due 
to neutron energy deposition. 


2, Neutron decay into a proton, an electron and a 


neutrino. Since the ncotron is neutral, in a 
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high altitude explosion it is rct affected by tne geo- 
magnetic field, whereas charged particles are, 
After the neutron decay, charged particles may then 
appear along magnetic field lines which cannot be 


reached by the usual charged particles such as B-rays 


from the weapen. 
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SECTION 3 





ELECTRONS FROM REACTIONS IN NUCLEAR WEAPONS 


3, 1 Electrons*from the Fission Reaction 
ERR HÀ nn ar RR RR, ERR T UR RR RT — — Áo — jr CRI — — — — Áo  — — 


The fission reactionis a principal source of electrons from nuciear 
weapons. Although usually only the electrons from the beta decay af 

the fissicn daughters are considered, there are other sources of fission 
electrons, This section follows the sequence of events in fission ina 
— analogous with the objective c isolating the processes which may 


directly give rise to free electrons. 


.1,1 Electron Famission in Companund Nucleus Formaton 





Fission is initiated by capture of a neutron to form a compound nucleus. 
Beth the spin and size cf the nucleus are changed hy this capture. There 
A is a weak interaction cf the nuclear spin with the orbital electrons, the 
= | same irte raction wnich is responsible for the hyperfine structure of 
spectral lines in the optical region. Since the change in nuciear spin ` 
eccurs suddenly, in about the time for the neutron io traverse the Bohr 
orbit of the electrons, the effect of the interaction can be treated by the 
sudden apprcximation, lonization of an orbital electron is pozsible even 
though the change in spin interaction energy itsellis s0 very much less 
than the ionization potential. Of course, conservation of energy in this 
reaction is not violated, because the energy actualiy comes from the 
Kinetic energy cf the incoming neutron, which certainly is more than 
adequate for the reaction. The probability of excitation due to change 
in nuclear spin is of the order of (HA EY, where p! 15 the interaction 
energy and AE the difference in the energy levels between tlie initial and 
| 10 
final states. The interaction enerpies are of the oraer of 10 cps while 
the ionization energy is of the order of 3 x m cps BO that the excitation 
C probability ie only ig quite negligible. The result is dcrived in a 


PEU 
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formal manner in Appendix A-3, 


The increase in nuclear size caused by absorption cf the neutron 

. also changes the atomic energy levels in à sudden fashion, causing ioni- 
zation of the orbital electrons for the same reason, as did the charge in 
nuclear spin, The ei of comparable order of magnitude, i.e., 


negligible. 


mum mM 


3.1.2 The Probability oí 





-Decay During Deformation and Splittin 


of the Nucieus 





> 


The time for fission being of the order of yr sec, and the time 

for beta decay being typically very much longer, TE seconds or more, 

Due to the weak interaction involved, there is only a negligible chance, 

10 B ok less, for emission of a beta particic of the usual energy range 

during the deformation and splitting of Lhe fissionable nucleus, Fission, 
O however, i$ a very violent process, with sufficient energy te give much 
| higher log Ft values then usuz]in hata decay, and consequently tne emission 
of betes may be more probable than estimated above, No estimates have 
been mzde of thie effect. The probability of emission must still be quite 
smallat most of the order of the ratio of the coupling constants in the 
beta decay to those in the nuclear field. a 


3. 1.4 


it 


leetrans Accompanying Prompt Neutron Emission 


| nin ————— 





After the fission daughters are formed, they separate, retaining an ape 
preciable amount of internal energy. Some of this energy is removed by 
neutron emission, In the process, ‘ust as in neutron absorption to form the 


original compeund nucleus, the orbital electrons of the daughters aro 


disturbed by the sudden change in nuclear spin end size, and thie dis- 





merbance can lead to ionization, The probability for this ionization is 


; ; , — KÀ 
very small, being of the same orcer as estimated in Section 3, 1. ! for 





| 
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compound nucleus forrmation, thart is about 10 à 


Another cause cf clectron emissioni& a remote possibility, that is the 
direct interaction of the neutron with the crbital clecirens cue to a 
specifically nuclear contribution. This interaction is in addition to that 
of the anomalous Mapretic momen. of the neutron with the spin and orbital 


moment of the electron which is of clectromagne-ic origin and has already 


con£i&ered in the effect cf the change of nuclear spin. This process as 


measured in the laboratory does take place but with low probability at 

high momentum transiers corresponcing .óo electrür energies in the 100 
Mev range. The orbital electrons of the fission daughters have very much 
smaller kinetic energies than this, so the direct interaction probability will 
be negi:gible. 


3.1.4 Prompt Internal Conversicn 





Electrons from Fissicn Daucnters 


A part of the excitation energy of the fission daughters is emitted as 
Y-rays ir about 10 "s scconds, These vy-rays are accomrparied by 
interna] conversion electrons. Compared to Y-ray emissica, internal 
rorverzsjcn is an alternate mode cf decay of the excited states of the 
daughte r nuclei. In this mode, the nucleus maxes a transiiicn emitting 
a virtual photon whichis then virtually absorbec by eu ozbital eloctron, 
thereby transferring the energy of the nuclear transition to the electron. 
The energy spectrum of the internal conversion electrons is very similar 
ta that of the prompt Y-rays except for a srnell correction cue to the 
binding energy of the electrons, namely n(E)dE = a expi-aE)dE whoro 
a. s) . The ratio of conversion electrones to nuclear Y-TAYE iB 
discussed in detail in the report by Horning et al* on the Leta spectrum 


from lission. 





*''The Beta Spectrum from Nuclear Weapons", Horning, Hunter, and Lynn, 


E. H. Plesset Associates Report No, 55634 for DASA, February 1965, 


| - oes 
Secret RD. st WEN. ——- 
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These internal conversion electrons have some importance in studies 
ofthe Argus effect. The electrons usually discussed in relation to this 
effect come from beta decay and therefore appear relatively much later 
than these interna. conversion electrons. Therefore location and effi- 
ciency of injection into Argus type orbits is significantly different for these 
two sources of electrons. Moreover the lifetime of electrons in the Argus 
orbits is energy dependent and the inicrnal conversion electrons have 
higher mean energy and higher maximum energy than the bota decay eleu- 
trons, resu.ling inlorger lifetimes. Although most of the fissions in a 
bomb reaction occur in a geometry for which the conversion electrons tan- 
not get outside the bomb, there 15 2 short period of time during disas- 
sembly when some fissions, initiated by trc residue of prompt neutrons, 


take place in a configuration dilute enough for the conversion electrons to 


emerge into the outsidc world. 


3.1.5 Janization of Orbitz] Electrons due to Scparation of the 


ission Daughters 


= 


As discussed in Section 1. 2. 12, the separalion of the daughter fragments, 
which reaches one Bohr radius in about 1/4 x 10 seconds, drastically 
changes the petential field in which the electrons of the original fissionabie 
atom move, The inner fast electrons are abie to adiust to this changing, * 
field adiatatically; the outer electrons are not, and will be shaken off 
from the fission daughters. Im Secticn 1.1.11 it was ertimated that 
approximately 30 free alectra per fission were formed in this manner 
from orbitals bound with iess than 300 e, v. The cnergy spectrum of these 
free electrons i8 continuous, peaking around 3C0 ev corresponding to the : 
velocity of the daughter nucleus of 12^ cm/sec, lügher energy electrons 


LJ 


are formed only with very low probability by this mechanism, 


Because the adiabatic condition Goes not hold exactly, a few electrons are 


- JĀ - 
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also reicased from the inner orbitals of the fissioning atom, On the 
© average, per ission, 0. 0B electrons are set free [ran the K shell, Jb 
electrons from the L shell and 2. 2 electrons fron the M shel. These 
electrons have energics distributed from zero up to the order of the kinetic 
energy in their original orbits, with the distribution function concentrated 


at the lower end of thie range. 


3.1.6 Electrons from Beta Decay 


The preceding sect:cns on the metras accompanying fission Summarize 
+ r | à + i gem +i 
ali the sources of electrons which :ollow promptly after fission, the 


slowest process discussed hitherto being internal conversion with a mean 


a (ágil 
SE 
-r 


üm Cl yo I gecards, After this time there is ar absence of electron 
production until bets decay occurs, a relatively slow process with a hali- 

| -3 6 
life varying from 10 ~ seconds to 10 seconds, 
Ó The beta particies emitted from the fission cacghicrs ir beta decay are 
electrons rather than positrons, since the daughisrs ore neutron rich, 
and the conversion of a neutron to a proton within the naclevs with tne releases 


of an electron (and a neutrino) tends to reaal in tar prediction of stable 


- à M abt H . +} 
isotopes, The experimental observations and thecretical predictions of the 


beta spectrum and its variation with time are presented in the paper ni s 
Horning, etal, There itis fcund that a total of avout b Mv per fission is 
released as petas-will à Mean encrgy of | Mav, AsmMmOst 5/6 of the energy 
| | che ., l E EE re 
is rcleased after ] seccnd fcliowing al timc cupendence, The remaincer 
is released at early times at an assumed constant rate. However there is 

| : —: 
ne direct evidence experimentaliy for the beta decay beore about 10 sec, 
Wfcrecvear, theoretical considerations cf tne beta decay aws make it 


i -3 
doubtiul that any betas could have mean jifetimes ot less than IG &econcs 


^e ca leun w be stable 
| and still have low encuyh energy so that tà carent nucleus would 3 


| against ncutron emission, precluding beta decay, 


b "SEtREE— 
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i. 7 Inüuence of Beta Decay on Ortátal Slectrant 


In the course of beta decay, the orbita: electrons of the daughters may be 
disturbed, One process involved is the swiit passage of the beta through 
the cuter electron shells, a process ieading occasionally to iomzation, 
Although in principle all of the beta energy could be transferred to & 
single orbital electron, the moet likely energy transier ië of the order of 
the binding energy of the clectrons in the atom, in the 20 te 30 kev range. 


' LN — Fs Þig om £ 
We have nui mače estimates of this process, 


A second process is the change in nuclear charge causing excitation and | 


icaizatdon of the orbital electrons. [n Appendix A-2 the probability of 
| excitation and ionization was feund to be abeut 3/ (4 2,*) per électron, Q7 
| shout U. lY for anelectrun uf « typical fassion daughter. Per heta particle 
| emitted then, ene has about . DZ orbital clectrons excited or ionized with 
| perhaps half of these or, Dlin the ionized state. The energies ofthe freed 
1 Q electrons scldom exceed the original kinetic energy of the orbitals and are 
{ 


typically much lower than that. 


3, 1. 8. Internal Conversion Fellowing Beta Decay 





After beta decay, the resicual nucleus may be in an excited state. Al- 
though de-excitaüon usually takes place by means of y-ray emission, thc 
same transition can occur by an internal conversion which gives the energy 
or the nuclear transition ic an orbital electren. In some particular casce, a 
trznsition Btrictly forbidden by the y-ray selection rules je permitted by the 
mechanism of iniernc) conversion. The spectrum of the conversion elsc- 
trens is of course eimilar to the spectrum of the Y's iollowing the beta 


decay. 





tr is ways follow im- 
The internal conversion electrons from this source alway 


mediately (within 1977 or wy? seconds) after the bota decay alectronf, | 
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have roughly the same spectrurs, and are considerably smaller in nàmber. 
Therefore they cennot be the cause of any qualitatively different nuclear 


weapors effect, nor indeed do they have mech quantitative import, 


3,1.9 Auger Electrons frcra Fission Daug kters 


A number of processes leading to vacancies in the occupaticn cf inner 
E P 


crbitals of the zission daughters have just beer discussec. In each case 


itis possible to iiU the vacancy not only by an X-ray transition, but by an 
Auger transition exciting or ionizing one electron as a second drops into 
the vacancy. For fission daughiers, Auger trarsitions are less probable 


by a factor like !C to 100 than X-ray transitions, However, a small num- 


lectrons are farmed hy rhis nrocees with energies nf the Aarne 


crder as tne X-ray energies discussed earlier, typically in the . ] to ] kev 


range, with a few as high as 20 ke v, ` 


3.1.10 Eiectrons from Interactiors of the Fission Daughters with 


Other Atoms 


As the ionized fission daughlezs puss through the materials of the nuclear 
weapon, they gradually deposit their energy. The dorninant mecharism 

jor this depositor is that discussed ciassically by Bohr in bis study cf 

the stepping power formula fcr charged particles. In his theory il is the 
distant coliisiors with relatively small energy transfer to the outer clectron& 
of the susstrate atome which accounts for the major energy loss. in these 
soit collisions, atomic electrens with velocity less than that of the fission 
fragment are affected; they are with about ecual probability excited or 
icmzed. On the average about 30 ev per ion pair, or per free electron, 
are required in most substances, The fission frapments of initial velocity 
i9 cm/sec are slowed down to about 10° cm/sec by this mechanism, do- 


positing 99% of their kinetic energy or about 160 Mev per fission. Asa 


result about 5x 10 free electrons are formed per fission, mainly of 
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energy between zero and 30 electron volts. 


Occasionally much harder collisions occur between a fissicn fragment and a 
close substrate atom. Although a great deal of kinetic energy can be trans- 
ferred in these collisions, the maximum reccoil velocity of the struck atom 
is only the velocity cf the fission fragment itself, about 19" cm/sec. The 
acquired velocity of the substrate atom results in the shaking off ci tzesa 
suter electrons with velocity icas thaa the recoil velocity. These shake. 
off electrons, perhaps 10 or so for each hard collision, have velocitics up 
to several hundred yeits, in contrast to the few tens of volts of the elec- 
trons per distart collision. Typically, however, cniy a few percent of the 
issicr energy i$ transferred in the hard collisions; thus there 15 a hard 
collision probability cf cniy a iew percen: per fissiun, giving on ine averape 
‘ess than cne shake cff electren of the 100 ev energy range por fission 


5 l j 
compared to the 5 x 1C electrons in the 10 ev range due to distant col- 
Oo iis:ions, 


The electrons discussed in this subsection can oniy be emitted into the 


niin 


outside werld during a phase in the disassembly of the weapon when the 
materials are so mixed up and so dilute that fissions occur near the 


boundary suriace cf the weapon, 


3.1, 11 Multi-Farticle Fissicn 


Occasionally more than twe particles are formed in fission. When ternary 
Sesion occurs, the third particle iu additien to twe medium atomic weight 
daughters is usually an alpha. Since the «X particle is relatively lighter, 
it may be emitted with much higher velocity, say even 5 x 10? em/ aec, 


compared to tha velocity of the usual fission caughtere. The fast & may 


cause more high energy clectrons in its interactions with the bomb rmaieriais 


than the more massive daughters. 
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i. Blectrons fram Blastic Scalte ring cf Neulrons 


| is unusual fer free electrons to be produced in tke elastic scattering 

ef neutrons by mest nuclei, The electrons are not produced by the di- 
rect nuclear itteraction, but rather by effects cn thc orbital electrous, 
The first such cHect resuits from the interaction of the magnetic moment 
of the ncutron with the apin and orbital magnetic moment cf the electrons, 
Because the collision with the neutron s relatively rapid compared with 
the electron orbital period, this interaction can ionize electrons as well 
as merely split and shift electronic levels, This effect was discussed in 
connection with the neutron farming a compound nucleus prior to f 


and is of the same order as estimated there, completely negiipibie. 


A second effect results from the recoil of the scattering nucleus after 


Dio -— BN 


being struck by the neutron, H he rscoilis rapid, it will shake off some 


- pound electrons, if slow it will nevertheless occasionclly cause ionization, 


After an elastic collision in the center of mass system, the recoil nucleus 
must have the same magnitude momentum as the Scattered neutron. There- 


fore a nucleus of mass number A will have a velocity v V / A 
n 


where E^ is the neutron velocity in the center of mass system. A typical 
value for T is T cm/ sec. For large values of A, say A > 10, the re- 
coiling nucleus will be moving slowly compared to ilie bound electrons and 
the probability of ionization will be of the order oi Sag V. z v4 US ve For 


light elements Uke H, Li, Be and B, which are very important consliluenta 
in nuclear weapons, Va is greater than the velacity oj the valence electrons, 
and those electrons will be ionized, A large number ci electrons are 
formec by this process, ueually several per eiastic scattering. Their 


energy however i5 iow, not often exceeding that corresponding to the 


velocity of the recoil nucleus, which can be 100 ev and is most likely to 


be about 10 ev. 
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2,3 Electrons from the Inelastic Scattering of Neutrons 
| 


Ike same mechanisms leading to free electrons irom the elastic scat- 
tering of neutrons, the most important of which is the shake off of , 
orbital electrons by the recoil nucleus, also operate in the case of in- 
elastic scattering, But in addition, there are other mechanisms, In- 
elastic scattering leaves the recoil nucleus in an excited internzl state, 
often with the major fraction of the incident neutron energy, De- 
excitation is brought about by y-ray emission, usually in cascade. Ac- 


companying the y-ray transitions are internal conversion trans:tons, 


ks lr mma g omi. Hi Y eka 
Since Loe Rites Specirum oe [34-45 


- 


ic scattering in weapon 
materials is very much the same as the spectrum ci the y-rays from the 
fission daughters, the spectrum of the internal conversion electrons is alse 
similar and may be roughiy approximated by N(E}d= = (ate "Pag where 
a= lMev] . 
Like the fission reaction, inclaslic scaticring gives an early source ol 
high energy electrons duc tc this internal conversion process, Acrtuclly 
the inolastic scattering contribution will usually be more significant than 
the fission contribution, since the former has a larger over-all cross 
section in weapon materials, and the scattering usually occurs closer to 


the surface of the weapons enabling the electrons to escape into the out- 


sice world, 


in addition te the internal conversion electrons, there wili be accompany- 
ing low energy Auger electrons as the inner atomic shells vacated in the 


ronversion are filled from the outer shells. 


3.4 Electrons from the Thermonuc)car Reactions 


Neutron reactions euch as fission, or inelastic scattezing, taxe place 


equally well in cold material or rnaterials already heated by the considerable 
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energy release of a nuclear exp:osion, In cold materiale orbital electrons 
may becorne ionized, as ciscussed in the previous sections. In most cases 
the heated materials which give important neutron reactions contain rela- 
tively heavy elements which retain some of their orbital electrons under 
thermal conditions, and therefore may aiso give some additional free elec- 
trons accompanying the neutron processes, In contrast, thermonuclear 
reactions by cefinition do not occur in cold materials. The thermonuclear 
fuel must first be heated by some form of energy deposition, usually a 
combination of hydrodynamic, radiative transfer, and nuclear radiation 
deposition, and only then can it react. As a reeult, all the electrons of the 
.ight elements participating in the reactions are already ionized before the 
thermonuclear reactions take place, The reactions then occur between 


bare ruclei in a iree electron plasma, and no new free electrons are pro- 


duced directly. 


The thermonuclear reactions of course do give energy to the plasma of 
free electrons, changing itf energy distribution, The mechanism by which 
this process takes place is the interaction of the faat product ions with the 
plasma, both in close binary collisions and in many particle collisions. 
Because of the mass difference between the heavy ions and electrons, the 
fraction of the ion energy transferred per collision is small. However, 
because of its comparatively smal] massthe increase in the anergy of the 
collhiding electron is large. For example, consider a head-on collision 

of a 2, 4 Mey proton from the reaction D t D= T + P with ail kev electron, 
Inititally the electron has vclocity of v = 1.9 x 10” cm/ sec, the proton 

Mie 2.2% 10° cm/sec, After the head-on collision the velccity of the 
electron is v =v + 2V = 6,3 x 10” cm/ bec corresponding to an energy 
of 10,7 kev, In moet weapon designe, it will be impossible for the 10 

kev type electrons to get out of the weapon, so that this reaction is not 


important. 
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in addition there are other interactions such as the Compton collisions 
0 which increase the energy cf the electrons in the thermonuclear plasma. 
In some special design cases, however, the higher energy eiectrons may 


indeed escape, and the thermonuclear reactiona are than an additional 


bource of electrons. 


un 


S Electrons Frocuceüd by the Interaction of wy-Ravs 


3.5.1 High Energy Electrons 2 


During the coursSé of à nucicar explosion, y-Tays até produced; these in 
tura may produce high energy free electrons. The three most important 
processes Ípr this production are Compton scattering, photo-electric 


absorption, and pair-triplet production. 


In Compton scattering, the photon is scattered inelastically by tne eleciron, 
O _ the latter acquiring a fraction of the energy of the former. For the mean 
y-ray energy of | Mev this fractionis abcut 0, 4 and increases with the 
eucrgy. In photoelectric absorption, the electron takes all the y-ray 
energy, uses a small portion to overcome its binding in the atom, and re- 
tains the major portion as kinetic energy. In pair or triplet production, a 
x | 2 
portion of the incident y-ray energy, 2 mc ~ 1,02 Mev 18 naed to create 
the positron electrun pair, the remainder being available as kinetic energy 
_ 


Rard boneton ike two members ofthe Sais of tho th 


I un bigis eis zd 
tnc threr miczrabBoroc cicthe 


triplet, In all three processes, energetic electrons, of the order of 1 Moy, | 


Even at the eariest stapes of a nuclear explosion, the electrons produced 
by these Y-ray interactions in the cuter layers of the weapon will be able to 


are produced in copious quantities, 
| 
escape into the outer world, As the weapon disassembles it will ba pos- | 


tible for the electrons produced at deeper layers to egcaps, and the electron 





| 
| 
| 
| 
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cutput will increase. Soon, however, the y- rays will be able to escape 
before undergoing any collisions, and electron production will foll off, 


3.5.4 Low Energy Electrons 


In both the p hoto-electric absorption and the Compton scattering process, 
vacancies are left in the shells of the atoms hit by the Y-rays. In 

Compton scattering the vacancies are randcmly distributed, while in phcto- 
electric absorption 75 percent of tbe vacancies are in the K shell and almost 
all of the remainder jn tke L shell. Through the Auger effect then, free 
electrons may be produced aa the inner shell vacancy is filled. These 
electrons are of low energy compared to the initial photo-electron or. 
Comptea recoil, haying of the orcer of the binding energy of the K shell 


electrons or lese, typicaliy in the 5 to 50 kev region. 


Pair producticn no doubt also disturbs the atomic electrone by the cscape 
of the pair threugh the atcrnic system. The probability of this reaction has 


not been estimated for this paper. Recoil of the nucleus leads ta velocities 


which aree times the mean velocity of the electron positron pair, This 


is too low to ehake off any orbitai electrons. 


In "triplet" procuction, the vacancy left hy the recoil atomic electron, 


may bring about the creation oí additional Auger electrons, 


3,6 Eiectrons Produced by the interaction of X-Rays 


In à nucsear explosion X-rays of kilovolt enerpy abound. In their inter- 
aviiun with Use atoms of the weapon, Free alecttuicwa produces by Hiu 
photoelectric absorption, No other process producing free electrons 
occurs tO any appreciable extent. The cross-section for photoelectric 
abborption i8 relatively large compared to say the Compton or Thomson 


cross-section, £O large in fact that esacntially no X-ray except those ncar 


" 
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have bean discussed, the mechanisms being restricted to those accompanying 


fission has a Compton recoil, producing a secondary electron whose cap- 
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the surface can escape the weapon, Insteac the X-rays are absorbed, their 


energy being converteG into energy of the photo-electrons, The kinetic 


energy of tne electrons is therefore just the X-ray energy lesa the binding 


energy, and is in the neighborhood of a few kilovclta. 


Following X-ray absorption, additional iree electrons may be formed by 
the Auger efiect, These are somewhat bct not very much lower in energy 


than the photo-electzons themselves. 


23.71 Thermel Electrons 
CE MÓHtO————— 


Upto this point some specific mechanisms for preducting free electrons 


the primary energy producing reactions 1n the weapon such as fission, or 
the DD reaction, or to those just a few steps removed such as the electrons 
írom the photoelectric at .rption of X-rays or ofy-rays. However, by far 
the largest number of free electrons are produced as à result of along chain 


of reactions in the weapon materials; for example a v-ray accompanying 


ture is accompanied by the emission of an X-ray, which then causes a photo - 
electron. In the dense materials contained in weapons the various chains oi 
reactions usually occur sufficiently quickly 60 thet a condition af local 
thermodynamic equilibrium is established. The details of the chains then 
need not be calculated to get the free electron population, their energy 
distribution, and their subsequent emission rate, it being sufficient to 


calculate the local terr perature and the equilibrium electron distribution 


the re. 


3.8 Effects of Free Electrons 
n 
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`e Observation of the weapon by neutron output, y-ray output, 
Q or hard X-rays ie unaffected by free electrons produced by 


the weapon. 


2, Observation by the vieibie, L R., or U. V, light emitted from 
the bomb case is seriously effected by the free electrons produced 


by the weapon. : 


3. Observation by reflection of radar, maser, or later beams is 


determined by state of free electrons around the weapon. 


3.8.2 Radiaticr fram the Weapon-Produced Free Electrons 


l. Free electrons produce bremsstrahlung X-rays. The thermal 
X-rays from the bomb surface are in part Cue to this brems- 


strklunp, in part due to iree-bound, and bound-bounàó transitions. 


2, Bremestrahiung from the electrona in the thermonuclear fuel may 
i 3 be observed if the reaction is close to the weapon surface, and if the 
burn is "runaway", piving high electron temperatures, of energy 20 


kev or greater, 


3, There is an electromagneüc pulse from 2 nuclear explosion due 
primarily to the current associated with Compton recoil electrons, 
The character, however, of the pulse in atmospheric explosions 
is determined by electrons from the air rather than from the bomb 


materials. 


4, Electromagnetic noise, At Later stapes in an explosion there will 
be electromagnetic Toine ríe tn the thermal radiation from the 


residual low temperature free electrons created by weapons interactions, 


3,542 





Electron Beits from Hich Altitude Explosiona and their Effect. 


1. Electrons may be injected into Argus type orbits from a high. 
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alutude nuciear explosion, 


Q 


à, Different times, locations, and mechanisms of electron injected 
into Argus orbits cbtain for the different classes of electrons. 
One must consider the prompt fast electrons in the Mev energy range 


resulting from Compton recoils zrd preompt internal conversion, 


orompt low ‘energy electrons 10 to 102 ev from "shake off! of the © 
outer orbital electrons, as well as the delayed electrons due to beta 


decay anc processes that follow thereafter, 
3. Syrnchrotren radiation from the Argus belts. 


4. Aurora, ionization, radar clutter, blackout, and interference 
from. electrons in Argus belts as they interact with the atmos- 
phere. 

C 38.4 Ionization and Excitation cf the Atmosphere by Electrons 


from High Altitude Explosions 


i, Layers of ionization at 60 to 9C km altitude due to high energy 
electrons from igh altitude explosions, Recar attenuation by 


these layers, ard effect on high frequency communications. 


[D 


. Visible Duorescence of ionized leyers, ' 

3, L R. excitation processes in ionized layers, 

4, Higher altitude ionization from the lower energy electrons. 

t. Excitation of plasma waves by high density of low energy electrons, | 
3. 8. 5 Explosion at Low Altitudes 


le Local ionization due to electrons and radar reflection from the 


Id 

TN PN j | 

the prompt kilovolt electrons from deep atomic transitions, and the | 
| 
| 
| 


ionized region. 
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¢.  Preicnization of the atmosphere before shock wave arrival, 


attenuating EM and visible from the weapon. 
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Table]l « The Fission Reaction 


To use Table 1, 


Moray EinissiO:5 
Electron Emissions 


Neutron Emissions 


fold out pages 59 and 60, which contain 


the process relevant for each line in the emission table B. 


Table 0 - Reactions Other Than Fission 
IIa y-ray Emissions 
lib X-ray Emissions i 
lic Electron Emissione | 
Ild Neutron Emissions 
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TABLE lo = Y-RAY EMISSIONS - 1 


section 


15145 


1.2.6 
A-1 


Transsticn Total "ean Energy 
Time Energy per Fhoton 
(sec) (Hev? (Mevj 
None fcr neutrons o? less 
than about 6 Mev energy 
None 
-17 ' 
10 Small Fessitly 
perhaps 20 Mev 
0,2 Mey 
i None 
T =E_/E 004 D 
fig 
clt 
Neutrens dominate over Y-rays 
i5 006 i 
= ee 
wag g : 





Specirun and Comments 


Broad TOCESS not rerified 


hromsstrahlen type, so that energy 
cm.tted pcr unit energy interval 
is flet xo miximum of 200 Mew, 
Wurnrium theary calculation of — 
speczrur nag not been mide. 


See process 7 below, Spectrum will 
be a little herder than in 7 after 
neutron beiloff,. No cutoff nbova 

6 Mev. 


(E) ag-6e" ag Main source of 
a=] (Mov) prompt Y-r0ys, 
cutoff? above 
b Her, 


(1) 


(2) 


(3) 


(4) 


(6) 


(7) 
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e HOTLESSEY ASSOCIATES IN C. | 
| TABLE Ia ~ Y-RAY EMISSIONS = 2 
= 

Section “raasition zotal Mran Energy Spectrum and Coments | 
ANE. Energy per Pheton ! 
(ser; (Mev) -> (Mey) | 

x al "T7 | 
1.1.26 10 “"-] Torbedgen Isoneric transitions Few sharp linca cf (8) 
Small Al/4 Mev Line spectrum apecific nuclear : 
transitions 
. 4 -14 5 Sony | 
- (1.22 10 5 Complicated line spectrum, (11) | 


meny nucieids 


-= 
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TABLE [D-K-RAY EMISSIONS - 1 


© 


Section Trensition Total Representative Spectrum and Comments 
Time Energy or Mean Energy 
{sec} per Reac. per Proton | 
| thew) (kev) 
3:1 jj 4 80 Character; X 
ctersstic X-rnv spectrum with — (1) 


discrete lines broadened by lèter 
Interactions, 


ll -14 


| ————— c — A d 


1.1,1la 20 10 50 Scme ns above, (2 
nepligible 
' Same as (2) above (3) 
-14 | | 
3.1.) 19 25 Broad spectrum with many lines (6) 
from the distrilution of possi- 
ble fission daughters, Indivi- 
duni lines brondcurd by short 
aifetime of otemic sinias in 
daughters. 
\ 
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E. H. PLESSET ASSOCIATES, INC. Ve I | 
| 
S TABLE ib — X-RAY EMISSICNS - 2 
Section Transition Tots] Representative Spectrum and Comments 
Time Exergy or Mean Energy 
(sec) per Re&c, per Photon 
(kev) (kev) 
| 
enw ld | ! | a 
1.1.1]b at 3 d Brood continuum from 6 to abcut (3) | 
i . 300 ev. i 
' | 
1.i.ite io ++ 40) a 5 Characteristic line speetrum of (10) | 
many elementis superimnozei, | 
Energics from O to «40 kev, ` 
I 
L ur .100 ig CO Charncieristic X-ray spectrum. (11) | 
rer B from B decay daughters, 





- 56 - 


O 


t. H. PLE SSET 


Document obtained from the "Russ Kick Collection" - Located at TheBlackVault.com/russkick 


TABLE le - ELECTRON EMISSIONS - i 





Section Transition 
Time 
(sec ,) 

aoa i 

1,1.114 ic M 

254.J 

33.4 9 


Number of Tota: Energy 

Electrons in Electrons 

per reac, per reaction 
(Ies) 

19712 1074 

ir 1o 1^ 

same es (2) atove 

T jr 

,d5 &D 





Sean Energy Spectrum ang Coments 
per Electron 


(ker) 


100 


3C 


LCOO 


ym pam am e gems = 
vale ne) De 


Jagged function due to (1; 
overlay cf mary ioniz&- 

tion edges, No beta 

emission durim these 
phases, 

Same coment às above. (2! 


Qi 


| Jupgged dfunrtioen due to (6) 


overlny of many ioniza- 
linn eüpeés of many |" 
clements. 


Electrons ol definite (7) 
energy, corresponding 

to nuclear transitions, 
Internal conversion 

electrons 





“fab 
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TABLE Je - ELECTRON EMISSIONS - 2 


Section Mean Time Number cf Total Enerzy Nepresen- Spectrum and Coments 
for Process Electrons per Rencticn tative or 
(sec) i per lission (xev) Mean Exergy 
or other per electron 
renction {kev} 

Electrons of ficfinite 

energy, corresponling to (8) 

sharp nuclear levolg in 

the trensition, Internal 

conversicn electrons from 

: ..-16 forbidden transitions, 

bedstad 40 30 Continuous Trom 0 ts (01 

about 500 cv with a  — 

-17 . Slight poal near 300 ev,. 

Brond groups cach (10) 

centered nround ioniza- 

tion energy of atemic 

| D l shells, 

3.1.6 >10 H 80023 1026 Ste herning ct nl. for (11) 
spectrum, Electrons _ 

-17 directiv from beta dteay, 

Bron] groups of pnerpies 

centerec nrounnd binding 

energies ul the Various 

shells in the bete decay 

"m preducts, Orbital clerirons, 

3.1.8 Ne ki 08 80 1000 The same spcctrum us tho 
Y's followirg the B decay, 
Internal conversion, 
Orbital electrons. 


1,1,10 | Poy . 5ml] 250 


i.d 
ra 


11 
3,1.9 lO Smid i Ae "4 Most electrony huve unergias 
number from ,1 to i kev with c (12) 
few higher up to 20 kov, 
Auger effect accompanying 
vacancies in atomic orbitals 
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TABLE Id - NEUTRON EMISSIONS - ] TAE; 
"i 
Section FOE Tm Numer ef Total rerem Mcar. Energy Spectrum nnd Carmeants | Numte 
same Neutrorns (Hev) ner Neytrin 
(zee) per reac, (Mew) 
Sig jx" : 
j ^ l «2 ri From O to Fs concen- (1) (24 
troted near 2 Hery. . 
Inelastic scattering \ 
before compound nucleus \ 
excitation, 
i2) 
| 
(3) 
(4) 
(5; 
-iT . 4 
ae 19 2-3 h 2 Watt spectrum, (6) 
2.1.6 5C m i 


(7) 
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TABLE 1 - THE FISSION REACTION - 1 
"uj 
Number — Prcces: 
Time Mean Time 
Table for Procesa 
(sec) (sec) \ 
(1) (1) Fermation of Compound Nucleus 0 ` 1077? 
E 
ay z 
(2) Formation of Deurhiter Nucloi 10 49 107 
| in Contact 
(3 Coherent Oscilletions cf i 3754 1074? 
Distorted Daughter Kuele: 
(4) Cenversion of electrostatic repuinive 2 x jg en 1e *9 
energy into kinetic energy cf. 
i daughters as daughters separate 
|| 
(5) Acteleration redigticn of 19728 
fission daughters 
(6) ! 
(6) Neutron boil~off ig^ ag 
(7) Prompt Yercy omission is" ia 








Gh 
H. Pe Beas feo AS ee DATE S. TEC, 


iABUE ld - NTUTRON EMISSIONS - 2 


Section  Trànzitaon Mumper of Tuis 


Time Neutrons Energy 
(sec) per reac, — (Mev) 
2.1.T yon}? Ul per Ol 
fission 
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TABLE 
4 | 
nean Inergy Spectrum and Commenta i.inbe 
per Neutron . 
{Mey } 
(8j 
(9) 
(10) 
. {11} 
*] Eviperation spectrom of (11) 


lower temperature than 
process 6, 


(22) 
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TARLE I - THE FISSION REACTION - 2 


SE } 


Mumuer Process: Time Mean Time 


lable for Process 


{sec} (sec) 





(8) Quiet interlude until fi decay 19.19? 


[9j Separation af daughter nuclei to 19727 jj^ 
10 “cm, Shakeoff of outer electrens, 


(10) Icnizeticn of inner electrons 107)! 
(11) Peta cecay »16? 
(11) 
| 
1 
(12) Auger cifect Various 
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TABLE 1] - REACTIONS OTHER THAN FISSION - 1 
la, EMISSIONS: y.RAYS 


Process Section Total Mean Spectrum Camrments 
Enerpy Energy 
Per Reaction Fer Photon 
(Mev) {Mev} 


Neutron Capture in — 1.2.1 7 | Broad, 
Compound Nucleus similar io 
fission 

Spectrum 


. Direct Radiative EA Binding Higher than Few dis- © Source oi 


Capture Energy pius 1 Mev crete most high 
kinetic lines onercy 
energy . Y-rTAay5 

with E>? 
Mev 


. Reaction Scattering — 1.3 Fracticn of <1 Broad 


of Neutrons . incident K.E, 


. ;he rmonuclear 4. 4 ^» t3 of w At Few 


Reactions reaction lines 
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TABLE I - REACTIONS OTHER THAN FISSION . 1 


Ib. EMISSIONS: X-RAYS \ 
Process Section Typical Mean Spectrum 

Total Energy 

Energy Fer Per Photon 

Reaction (Kev) 

(Kev) | 


Neutron Capture 


Recoil effect 1.2.3 Few tenths wey Qi 


Optical-like 
or less spectrum 
with many 
lines 
5 
Internal cunver- 1.2.3 07 2 Ry Characteris- 
sion effect ~ 30 tic X-ray 
Spectrum 
Auger effect . 06 6 Transitions 
after internal mainly to E | 
conversion L shell 
Elastic Scattering Suz Same a recoil efícct in neutron capture 


of Neutrons 


Inelastic cr Re- 
action Scattering 
of Neutrons 


ee À— —ÀG—À 0 à—À 


Recoil effect 23 Seme as recoil effect in neutron capture 

È, : 
Internal corn- 1.35 ui = Ry Characteris- 
version 3.3 ~ 30 tic X-ray 

z Epectrum 

Auger effect GA , D% 6 Transitions 
after inte sna. 3.3 mainly to 
conversion L shell 
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C TABLE I- REACTIONS OTHER THAN FISSION - 1 


IIc. EMISSIONS: ELECTRONS 


Process 


Neutron Capture 


+ 
* 


Light nuclei A < 10 


Recoil effect Heavy nuce] A910 


Internal conversion cífccL 


Auger effect after internal 


conversion 
e Eiastic Scattering of Neutrons 
Light nuciei A < 10 
Heavy nuclei 4 > 19 
3. !nelastic or Keaction Scattering 


of Neutrons 


Recoil effect 


internal conversion 
Auger effect after internal 
conversion 

4, Compton Scattering of y-Rays 
Hizh energy electrons 


Lew energy auger electrons 


5, Sair Triplet Production 


High energy electrons 


5, Pheto-Electric Absorption cf > 


Y -Rays 
High energy electrons 


Low energy auge, electrons 


orction 


4 


3.4.1 
3:4. È 


- —— : M ns EM DON r 3 


Number of 
Electrons 
Per Reaction 


All but X electrons ~3 
Few valence electrons ~2 


ie 
. 01 


All but K electrons 
Few vaience electrone 


Same as clastic 
&catterinj 


UI 
, Ü1l 
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TABLE II - REACTIONS OTHER THAN FISSION - 2 
Ile. EMISSIONS: - ELECTRONS 
Typical Total Mean Energy Spectrum Comments Y 
Energy in Electrons Per Electron 
Per Reaction (Kev) 
(Kev) 
Few tenthe ~ . 05 
<.1 a OI 
TO | 1000 Line spectrum 
(3 35 Groups of energies 
Few tenths = VOS 
« ,.1 ^ad 
T 1000 line spectrum 
ac ! 39 Groups of cnergies Depends upon 

420 400 Continuous und 

broad @ tok, 
5 5 Groups of energies 
1000 500 Continuous and 

broad 
1000 16c0 Distributed with 


edpcs correspond- 
ing to atomic 
shells 








Trt a ee 


i^g iid BE d 
dps CE rea pba dwt? 
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TABLE II - REACTIONS OTHER THAN FISSION - 1 
lid. EMISSIONS: NEUTRONS 


— a mm... 


Process Section Number of 


Neutrons 
per Reaction 


[T 
* 


The (n, 2n) Reaction. 
Incident Kinetic Energy E. 


Direct reaction 


&. 4 é 
Compeund nucleus reaction c2 2 
Thermonuclear Reactions 
iHe" Tus 
Dips 2. $4 1/2 
2 Pit a & 32 i 
Elastic Scattering. 6. 3. d Í 
Incident Energy E, 
; L 
"Kipme' neutrons 2.4, i i 
(n, n) scattering e. 4. 1 2 
Inelastic Scattering. 2.4.2 | 


Incident Energy =, 


t Na EE " 
L2. e 
[vM 64a tounen pae 
-¢5- bate Louis po 
b es Le * 








me mr a te 







= n — 
— T mulus c in 


—— w— MĚ m: 


TABLE II - REACTIONS CTEER THAN 


lid. EM 


pr 


24. 1 


KT «41 


nuclear 


ISSIOWS: NEUTRONS 


Mean Energy 
Per Neutron 


(Me v) 


(KT) 2: 


nuclear 
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a 
aj 
Fa 
Fri 


Spectrum 


Flat between Ù 
and max. 


Evaporation type 
niE) = wera 


Gaussian with 
Írzc'tiona! breadth 


F 


of 3, 4 YkT E 


Gaussian with 
fractional breadth 
of 3.4 (kT/E 


Relatively flar 
betwept E. and 


; 4| 
EI) 
Max:murn of cE. 


Evaporation type 
n(E) = ac“ 4#& 





Comments 


Mest important 
for E; >> EL 


Most important 
for E. hu E. 


Breacth is 1.4 
Mev for kT = 10 
KEV 


Increase of 


energy possible 
in 69me 
Scattering 





sikb x 
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APPENDIX A-1 


Y -Rays from Separating Fission Fragments 


The emission cf y-rays due to the acceleration of the two fissicn daughiers 
upon &epara:icr will be considered classically, since the acceleration 


radiation is a classical effect. Assume that the fission process results in 


two daughters, each of mass number A, and A, and charge number zi and 
y with center separation r when in coxiaci. The acceleration of daughter 


(1) is 


A 


i + : 
. f E o (1) 
ean | BM, r 
Ni 7 Ass 


celeration o 


I, 
i 
{ul 


In equatien (li, Mis the proton mass. 


Classically an aceceloratec charge radiates. In fission, there are two 
daughters whose motion is coherent and the resultant radiation must be 
celculatec with this in mind. Indeed for precisely symmetrical fission i 
there would be no dipole radiaticn. For unsymmetrical fission the radi- 
ation is due to the net changing cipole moment cf tne system, equivalent to 
an accelerated charge of magmtuce (AZ]e = (2. - 4528, go that the 
ezerpgy radiated per unit time is 

ga E ma^ â 


o PR aut AP NER " 
5 3 à (2) 
c 


As (1) shows, the acceleration ciminishes 46 the daughters ‘separate, and 
lasts sensibly only until the separation has increaBed to about 2r. The 


ume T during which the acceleration lasts is of the order of 


ab? = 


L a M ŘS ‘H I 


EEE Pe ÓsÀ 
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LO 


f 
F 


ré. 4 


The energy emitted during the time T is then 


Zi 2 
_ 2 (42) e 3/2 
Roe Sf s 3 NE xod Āā GT . (4) 
Now the distance ris about 
Y aia à 4/435 
T » ip 2 & 3M A, 
r DO * AUS (5) 
rk } ic xo. m ol e, é -13 
where the classical electron racius js T,*e/mtc 2.8 x 10 x cm, 


suosUluting (5) and (2) into (4) pives the Lotal energy E radiated as 


/ 
4 2 7 2X2 3a 
E.A AE A Tn my te) 
ils 3 ae NU À V3. 5/2 t) : 
| È ' 
Por a ccmmen assymetric fission £, = 35 e = 57 L = 2 | 
end A = 2.62. The rumerical result from (6) ie 
E s .780.x E (7j 
; ! 
mic 


Hence only a negligible amaunt of Y-ray energy ig released by the 
acceleration of the fission daughters, 





ET — — E — 


Q 
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E. H. PLESSET ASSOCIATES, ine. 


Appendix A-2 


zxcitation of Orbital Electrons by Discontinuous Change in 


Nuclear Cha rge 


Cons:cer that at lime t = 9 the naclear charge of a hydrogenic 
1 


atom changes Giscontinususly from the value Ze to Ze as ‘or 


example in beta deray., 
, # 


Then, according to the sudden approxi- 


mation, the probability amplitude for an electron with wave 


a 
dias mime a4 
= "e e s er 


cn : u, before t - © to have the wave function v, 


db o Chase T be 


a long period of time :s 


in particular the probability that a. K electron for the nucleus Z 


: r 1 | 
will remaina K electron for the nucleus Z ia 


PK uem t [| e (4 sk Zyar]^ 








where 
] i 7 \ 3/2 . Ar 
al 2) * a | EUR 
s : 4n oOo j o9 


È. 


The integral in (2) gives 


kok CIT i; 
o o Üz 
ù 
P. ime, 
=ï K r2 


69 . 


(T | 


after 


(1) 


(3) 


(4) 
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ot hh ka E 


1 
Putting 2 = Z t£ and expanding tO the first non-vanishing 


term in £ , one obtains 





-ad 
FR ex | 41 


Ey s (6) i 


For beta decay £ = |, and for typical fission daughters Z = 40. 
Then 


"M x 4 
Pe oy gy 3/6400 = 4.58 x 10 '. 


= ee Xi 


The calculation way be extended to cther orbitals besides that | 
O of the K electron. But rather thar performing the calculation in 

detail, cne may note that a simple approximate form for the 

radial wave functicn for the orbitai with principal quantum number 

n can be obtained from (3) by replacing Z with Z/n. The integral 
analogos to (4) will show that n cancels out in the result. There- 


fore, the probability of excitation is approximately independent of the 


initial orbital. 


a a 
coor, © oe Gf Ò 
Ü lebt ia hu 5 
E, d, PLESSET ASSOCIATES, INC. 
The probability that the K electron will be excited due to the 
nuclear transition is 
= 1 = P - FP oc 5 l 
Px —— ex K —-3 X (5i 
px? | 
| 


- 70 - 


à sili OS — -w 


ee a e 


=. re wlan EE 
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© 


Q 
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Appendix A- 3 


E.ectror Transitions induced by the 


Neutron Magnetic Moment 


When a neutron interacts with a rucucus, the orbital electrons feel a 


berturbation from the neutron's magnetic moment. This perturbation 


pu : t ` = 1 =- biiga à -m ç ā =k i 
nccuars rapidly compared te orbital times, so that the sudden approxi- 


traliun can pe usec. 


Tne electrenic wave function before the ncutron-nucleus interaction 
is taken to be a hycrogenic wave functien perturbed by the Original 
muc.¢ar moment; that after, a hydrogenic function perturbed by the 


nuclear plus neutron magnetic moment. That is, 
(H,*H')v!- E£'v 
e 4 h 7 Ea Yj (1) 
beiore, anc 


(Ho tH") Va = En” Vo (2) 


alter, where 


tha usual hycroprenie functions. 


lo aet the probability a Of a trantition, we first determine the 


probsh:lity cf the electron remaining in the ground state, lea 
J 


then R = ]-— al, The ground state probability amplitude is 
given in the sudden approximation by 


— u;i 43 
a, F V. V, d X (4) 


Applying seconc-order perturbation theory we obtain for the wave 


-l 
p 
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funetions 
/ = BENE 
y # we I4 il ^ = Fi E 
a= tal 1-45 BL + £z SER. 
ivo (Ea EIO Em (E, -Et a d 
i E Hho Hes = Hho pub) y 
E '£. Go (E-E Es Ep) Es : 
and Ya ie similarly given by replacing H by Ho. Then, to order 
humi us Y * 
IE I i$} gives 
! .? Ah JF 
a= t= > it s Heel 
bia (eer CD ive (Eo,- E.) 
H^ r3 Ne : (6) 
4 few jhe 
ka C. ~ £52 
end ine prcoab: kty Ol a Eo eint Pa " is 
x 
Fa 
P. oz bs: d uo EX Pial 
x 7 Peal = we fC lm ye en 


f : 
bh fo (Ey Ej) 


where A Hz = HH 


k i6 difficult to eyvàiLate a sum like m. 


n and terms high than IPA! He y have been T" 


but we can place an upper limit 


en Es by noting that (E-F rs (E- Fiand tnat the completeness of states 


EN us | 
-— IAL F ra sihe LA d rA | 
ec "ST. s (“3 H) PA Hoo | (8) 
bro i 
Bo that 
a 2 
sO AH ay 
e s - L. ve | » ' 
ĊH is given in terms of the hyperfine separation conétant by 
] pos | 
AH = 2A AW Ged, ii 


- Te - 
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Evaluating the neutron Spin Operator and the electron angular momen- 


turn in the ground State, 


2 | 
fx £ Sep GA AY) (ii) 


(ERE) 


The separation Ccnstant 18 piven by 





| il y E- ` 
Thae urusa ocn 
cx A Va e fa thy (aj Ue Jo. (Me 
Where the magnetiit moments ars 
2AA€ 
For the Lands’ constants, G sz A Ghos a0. and 
Fej d Je 
| c ppa TE (14] 
D 1 
where à, is the Bohr radius.. Substituting these values [ur ax and 
noting that E E zi $E Rydbe rg, we have 
13 = -1H2 — 2 15) 


Therefore the upper boum on the total probability of transinon i6 very 


small, even for rather large effective nuclear charge Z. 
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